Branching Ratios and Polarization in B-> VV,VA,AA Decays by Cheng, Hai-Yang & Yang, Kwei-Chou
ar
X
iv
:0
80
5.
03
29
v3
  [
he
p-
ph
]  
9 O
ct 
20
08
May, 2008
Branching Ratios and Polarization in B → V V, V A,AA Decays
Hai-Yang Cheng1 and Kwei-Chou Yang2
1 Institute of Physics, Academia Sinica
Taipei, Taiwan 115, Republic of China
2 Department of Physics, Chung Yuan Christian University
Chung-Li, Taiwan 320, Republic of China
Abstract
We present a detailed study of charmless two-body B decays into final states involving two vec-
tor mesons (V V ) or two axial-vector mesons (AA) or one vector and one axial-vector meson (V A),
within the framework of QCD factorization, where A is either a 3P1 or
1P1 axial-vector meson.
The main results are as follows. (i) In the presence of NLO nonfactorizable corrections, effective
Wilson coefficients ahi are helicity dependent. For some penguin-dominated modes, the constructive
(destructive) interference in the negative-helicity (longitudinal-helicity) amplitude of the B → V V
decay will render the former comparable to the latter and push up the transverse polarization. (ii) In
QCD factorization, the transverse polarization fraction can be large for penguin-dominated charm-
less V V modes by allowing for sizable penguin annihilation contributions. (iii) Using the measured
K¯∗0ρ− channel as an input, we predict the branching ratios and polarization fractions for other
B → K¯∗ρ decays. (iv) The smallness of the axial-vector decay constant of the 1P1 axial vector
meson can be tested by measuring various b1ρ modes to see if Γ(B
0 → b−1 ρ+) ≪ Γ(B0 → b+1 ρ−)
and Γ(B− → b−1 ρ0) ≪ Γ(B− → b01ρ−). (v) For the penguin-dominated modes a1K∗ and b1K∗,
it is found that the former are dominated by transverse polarization amplitudes, whereas the lat-
ter are governed by longitudinal polarization states. (vi) The rates of B → K1(1270)K∗ and
K1(1400)K
∗ are generally very small. The decay modes K−1 K
∗+ and K+1 K
∗− are of particular
interest as they are the only AV modes which receive contributions solely from weak annihila-
tion. (vii) For tree-dominated B → AA decays, the a+1 a−1 , a−1 a01, a−1 b+1 , a−1 b01, b+1 ρ− and b01ρ−
modes have sizable branching ratios, of order (20 ∼ 40) × 10−6. (viii) There are many penguin-
dominated B → AA decays within the reach of B factories: K1(1270)(a1, b±1 ), K1(1400)(b1, a±1 ),
K1(1270)(f1(1285), f1(1420)) and K1(1400)(f1(1420), h1(1170)).
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I. INTRODUCTION
Recently we have studied the charmless two-body B decays involving an axial-vector meson A
and a pseudoscalar meson P in the final state [1, 2]. There are two distinct types of axial-vector
mesons, namely, 3P1 and
1P1. We have studied their light-cone distribution amplitudes using the
QCD sum rule method. Owing to the G-parity, the chiral-even two-parton light-cone distribution
amplitudes of the 3P1 (
1P1) mesons are symmetric (antisymmetric) under the exchange of quark
and anti-quark momentum fractions in the SU(3) limit. For chiral-odd light-cone distribution
amplitudes, it is the other way around. In this work, we will generalize our previous study to
charmless V A and AA modes. Moreover, we will use this chance to re-examine B → V V decays.
The charmless decays B → V V, V A,AA are expected to have rich physics as they have three
polarization states. Through polarization studies, these channels can shed light on the underlying
helicity structure of the decay mechanism. Experimentally, B → K∗φ decays have been studied with
full angular analysis and hence can provide information on polarization fractions and relative strong
phases among various helicity amplitudes. Historically, it was the observation of large transverse
polarization in B → K∗φ decays that had triggered a burst of theoretical and experimental interest
in the study of charmless B → V V decays. BaBar and Belle have observed that fL ∼ 1/2 and f‖ ∼
f⊥ ∼ 1/4 in the K∗φ channels [3, 4], where fL, f⊥ and f‖ are the longitudinal, perpendicular, and
parallel polarization fractions, respectively. The transverse polarization fraction fT = f‖+f⊥ ∼ 1/2
is found to be of the same order magnitude as the longitudinal one fL in the penguin-dominated
K∗φ and K∗ρ modes (except the decay B− → K∗−ρ0). While the naive expectation of f‖ ∼ f⊥
is borne out by experiment, the observed large fT is in contradiction to the naive anticipation of
a small transverse polarization of order fT ∼ m2V /m2B . This has promoted many to explore the
possibility of new physics in penguin-dominated B → V V decays. If so, the new physics effects
should also manifest themselves in penguin-dominated V A and AA modes.
The analysis of charmless B → V V decays within the framework of QCD factorization [5, 6]
was first performed by us [7] followed by many others [8, 9, 10, 11, 12, 13]. In these studies, NLO
corrections to the helicity-dependent coefficients ahi such as vertex corrections, penguin contribu-
tions and hard spectator scattering were calculated. However, most of the early results do not
agree with each other due to the incorrect projection on the polarization states. Recently, Beneke,
Rohrer and Yang [13] have used the correct light-cone projection operators and computed complete
NLO corrections to ahi and weak annihilation amplitudes. We will follow their work closely in the
study of B → V V decays.
The generalization of the analysis of B → V V decays to V A and AA modes is highly nontrivial.
First of all, while the 3P1 meson behaves similarly to the vector meson, this is not the case for
the 1P1 meson. For the latter, its decay constant vanishes in the SU(3) limit and its chiral-even
two-parton light-cone distribution amplitude (LCDA) is anti-symmetric under the exchange of
quark and anti-quark momentum fractions in the SU(3) limit due to the G parity, contrary to the
symmetric behavior for the 3P1 meson. Second, there are two mixing effects for axial-vector mesons:
one is the mixing between 3P1 and
1P1 states, e.g., K1A and K1B and the other is the mixing among
3P1 or
1P1 states themselves. In this work we will derive the longitudinal and transverse projectors
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for axial-vector mesons and work out the hard spectator scattering and annihilation contributions
to V A and AA decays.
Since the resolution of the K∗φ polarization anomaly may call for new physics beyond the
standard model, this issue has received much attention in the past years. However, there are
two crucial points that have been often overlooked in the literature. First, a reliable estimate of
polarization fractions cannot be achieved unless the decay rate is correctly reproduced. Second,
all the existing calculations except [7, 8, 12, 13] assume that the effective Wilson coefficients ahi
are helicity independent. This leads to the scaling law: fT ∼ O(m2V /m2B). Calculations based on
naive factorization often predict too small B → K∗φ and B → K∗ρ rates by a factor of 2 ∼ 3.
Obviously, it does not make sense at all to compare theory with experiment for fL,T at this stage
as the definition of polarization fractions depends on the partial rate and hence the prediction
can be easily off by a factor of 2 ∼ 3. The first task is to have some mechanism to bring up
the rates. While the QCD factorization and pQCD [14] approaches rely on penguin annihilation,
soft-collinear effective theory invokes charming penguin [15] and the final-state interaction model
considers final-state rescattering of intermediate charm states [16, 17, 18]. Once the measured rate
is reproduced, then it becomes sensible to ask what is the effect of this mechanism on polarization
fractions. Next, it is important to consider NLO corrections to various helicity coefficients ahi ,
such as vertex corrections, penguin and hard spectator scattering contributions. It turns out
that in some of B → V V decays, e.g. B → K¯∗φ, K¯∗0ρ0, NLO nonfactorizable corrections will
render negative-helicity amplitude comparable to the longitudinal one and hence will bring up the
transverse polarization. Therefore, any serious solution to the polarization puzzle should take into
account NLO effects on ahi .
There have been a few studies of charmless B → AV and B → AA decays in the literature
[19, 20, 21]. Except for [19] done in QCD factorization, the analysis in other two references was
carried out in the framework of generalized factorization in which the nonfactorizable effects are
described by the parameter N effc , the effective number of colors. It has been claimed in [21] that
most of B → AV decays are suppressed and Γ(B → AV ) < Γ(B → AP ). This seems to be
in contradiction to the naive anticipation that AV modes will have larger rates because of the
existence of three polarization states for the vector meson. One of the main motivations for this
work is to examine if the claim of [21] holds.
The present paper is organized as follows. In Sec. II we summarize all the input parameters
relevant to the present work, such as the mixing angles, decay constants, form factors and light-cone
distribution amplitudes for 3P1 and
1P1 axial-vector mesons and their Gegenbauer moments. We
then apply QCD factorization in Sec. III to study B → V V, V A,AA decays and derive the relevant
spectator interaction and annihilation terms. Results and discussions are presented in Sec. IV. Sec.
V contains our conclusions. Flavor operators and the factorizable amplitudes of selective B → AV
and AA decays are summarized in Appendices A and B, respectively. In Appendix C we give an
explicit evaluation of the annihilation amplitude for the decay B → V A. Since annihilation and
hard spectator scattering amplitudes involve end-point divergences XhA, we give explicit expressions
of them for various V V, V A and AA modes in terms of XhA in Appendices D and E.
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II. INPUT PARAMETERS
In this section we shall briefly discuss and summarize all the input parameters relevant to the
present work, such as the mixing angles, decay constants, form factors and light-cone distribution
amplitudes for vector and axial-vector mesons.
A. Mixing angles
Mixing angles of the axial-vector mesons have been discussed in [22] and [1]. Here we recapitulate
the main points. For axial-vector mesons there are two mixing angles of interest: one is the mixing
between 3P1 and
1P1 states, e.g., K1A and K1B and the other is the mixing among
3P1 or
1P1 states
themselves, for example, the 3P1 states f1(1285) and f1(1420) have mixing due to SU(3) breaking
effects.
The non-strange axial vector mesons, for example, the neutral a1(1260) and b1(1235) cannot
have mixing because of the opposite C-parities. In the isospin limit, charged a1(1260) and b1(1235)
also cannot have mixing because of the opposite G-parities. On the contrary, the strange partners
of a1(1260) and b1(1235), namely, K1A and K1B , respectively, are not mass eigenstates and they
are mixed together due to the strange and non-strange light quark mass difference. We write
K1(1270) = K1A sin θK1 +K1B cos θK1 ,
K1(1400) = K1A cos θK1 −K1B sin θK1 . (2.1)
Various experimental information yields θK1 ≈ ±37◦ and ±58◦ (see e.g. [23]). The sign of θK1
is intimately related to the relative phase of the K1A and K1B states. We choose the phase
convention such that the decay constants of K1A and K1B are of the same sign, while the B → K1A
and B → K1B form factors are opposite in sign. In this convention for K1A and K1B , the mixing
angle θK1 is favored to be negative as implied by the experimental measurement of the ratio of K1γ
production in B decays [1, 24].
Just like the η − η′ mixing in the pseudoscalar sector, the 11P1 states h1(1170) and h1(1380)
may be mixed in terms of the pure octet h8 and singlet h1,
|h1(1170)〉 = |h1〉 cos θ1P1 + |h8〉 sin θ1P1 , |h1(1380)〉 = −|h1〉 sin θ1P1 + |h8〉 cos θ1P1 , (2.2)
and likewise the 13P1 states f1(1285) and f1(1420) have mixing via
|f1(1285)〉 = |f1〉 cos θ3P1 + |f8〉 sin θ3P1 , |f1(1420)〉 = −|f1〉 sin θ3P1 + |f8〉 cos θ3P1 . (2.3)
Using the Gell-Mann-Okubo mass formula [25, 26], we found that the mixing angles θ1P1 and θ3P1
depend on the angle θK1 and are given by [1]
θ1P1 = 25.2
◦, θ3P1 = 27.9
◦, for θK1 = −37◦,
θ1P1 ≃ 0◦, θ3P1 = 53.2◦, for θK1 = −58◦. (2.4)
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B. Decay constants and form factors
Decay constants of vector and axial-vector mesons are defined as
〈V (p, ǫ)|q¯2γµq1|0〉 = −ifVmV ǫ∗µ,
〈3(1)P1(p, ǫ)|q¯2γµγ5q1|0〉 = if3P1(1P1)m3P1(1P1)ǫ∗µ. (2.5)
Transverse decay constants are defined via the tensor current by
〈3(1)P1(p, ǫ)|q¯2σµνγ5q1|0〉 = f⊥3(1)P1(ǫ
∗
µp
ν − ǫ∗νpµ) ,
〈V (p, ǫ)|q¯2σµνq1|0〉 = −f⊥V (ǫ∗µpν − ǫ∗νpµ) . (2.6)
The decay constants f1P1 of the
1P1 non-strange neutral mesons b
0
1(1235), h1(1170), h1(1380) vanish
due to charge conjugation invariance. Likewise, the decay constant fb1 of the charged b1 vanishes
owing to its even G-parity valid in the isospin limit. In general, the decay constants f1P1 and f
⊥
3P1
are zero in the SU(3) limit. As discussed in [1], they are related to f⊥1P1 and f3P1 , respectively, via
f1P1 = f
⊥
1P1
(µ)a
‖,1P1
0 (µ), f
⊥
3P1
(µ) = f3P1a
⊥,3P1
0 (µ), (2.7)
where a
‖,1,3P1
0 are the zeroth Gegenbauer moment of Φ
1,3P1
‖ to be defined later. Since we will assume
isospin symmetry in practical calculations, this means that f1P1 = 0 for the b1 and h1 mesons and
f⊥3P1 = 0 for a1 and f1 mesons. Note that since f1P1 and f
⊥
3P1
are G-parity violating quantities,
their signs have to be flipped from particle to antiparticle due to the G-parity, for example, fK+1B
=
−fK−1B . In the present work, the G-parity violating parameters, e.g. a
K
1 , a
‖,K1A
1 , a
⊥,K1A
0,2 , a
⊥,K1B
1 and
a
‖,K1B
0,2 , are considered for mesons containing a strange quark.
For the decay constants f qf1(1285) and f
q
f1(1420)
for 13P1 states defined by
〈0|q¯γµγ5q|f1(1285)(P, λ)〉 = −imf1(1285)f qf1(1285)ǫ
(λ)
µ , (2.8)
〈0|q¯γµγ5q|f1(1420)(P, λ)〉 = −imf1(1420)f qf1(1420)ǫ
(λ)
µ ,
and the tensor decay constants for 11P1 states defined by
〈0|q¯σµνq|h1(1170)(P, λ)〉 = if⊥,qh1(1170) ǫµναβǫ
α
(λ)P
β , (2.9)
〈0|q¯σµνq|h1(1380)(P, λ)〉 = if⊥,qh1(1380) ǫµναβǫ
α
(λ)P
β ,
the reader is referred to [1, 22] for details.
Form factors for the B → A and B → V transitions read as
〈A(p, λ)|Aµ|B(pB)〉 = i 2
mB −mA εµναβǫ
∗ν
(λ)p
α
Bp
βABA(q2),
〈A(p, λ)|Vµ|B(pB)〉 = −
{
(mB −mA)ǫ(λ)∗µ V BA1 (q2)− (ǫ(λ)∗ · pB)(pB + p)µ
V BA2 (q
2)
mB −mA
−2mA ǫ
(λ)∗ · pB
q2
qµ
[
V BA3 (q
2)− V BA0 (q2)
]}
,
〈V (p, λ)|Vµ|B(pB)〉 = −i 2
mB +mV
εµναβǫ
∗ν
(λ)p
α
Bp
βV BV (q2),
〈V (p, λ)|Aµ|B(pB)〉 = (mB +mV )ǫ(λ)∗µ ABV1 (q2)− (ǫ(λ)∗ · pB)(pB + p)µ
ABV2 (q
2)
mB +mV
−2mV ǫ
(λ)∗ · pB
q2
qµ
[
ABV3 (q
2)−ABV0 (q2)
]
, (2.10)
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TABLE I: Form factors for B → a1, b1,K1A,K1B transitions obtained in the covariant light-front
model [27] are fitted to the 3-parameter form Eq. (2.12) except for the form factor V2 denoted by
∗ for which the fit formula Eq. (2.13) is used.
F F (0) a b F F (0) a b
ABa1 0.25 1.51 0.64 ABb1 −0.10 1.92 1.62
V Ba10 0.13 1.71 1.23 V
Bb1
0 −0.39 1.41 0.66
V Ba11 0.37 0.29 0.14 V
Bb1
1 0.18 1.03 0.32
V Ba12 0.18 1.14 0.49 V
Bb1
2 0.03
∗ 2.13∗ 2.39∗
ABK1A 0.26 1.47 0.59 ABK1B −0.11 1.88 1.53
V BK1A0 0.14 1.62 1.14 V
BK1B
0 −0.41 1.40 0.64
V BK1A1 0.39 0.21 0.16 V
BK1B
1 −0.19 0.96 0.30
V BK1A2 0.17 1.02 0.45 V
BK1B
2 0.05
∗ 1.78∗ 2.12∗
where q = pB − p, V BA3 (0) = V BA0 (0) and
V BA3 (q
2) =
mB −mA
2mA
V BA1 (q
2)− mB +mA
2mA
V BA2 (q
2),
ABV3 (q
2) =
mB +mV
2mV
ABV1 (q
2)− mB −mV
2mV
ABV2 (q
2). (2.11)
Form factors for B → a1(1260), b1(1235),K1A ,K1B transitions have been calculated in the rela-
tivistic covariant light-front quark model (LFQM) (Table I) [27], the light-cone sum rule (LCSR)
method (Table II) [28], and the pQCD approach [29]. Various B → A form factors also can be
obatined in the Isgur-Scora-Grinstein-Wise (ISGW) model [30, 31] based on the nonrelativistic
constituent quark picture. However, as pointed out in [1], the predicted form factor V Ba10 (0) ≈ 1.0
in the ISGW2 model [31] is too big and will lead to too large rates for B
0 → a±1 π∓ and the
wrong pattern B(B0 → a+1 π−) ≫ B(B0 → a−1 π+), in contradiction to the experimental result
B(B0 → a+1 π−) ∼ 12B(B
0 → a−1 π+). This may imply that relativistic effects in heavy-to-light
transitions at maximum recoil that have been neglected in the ISGW model should be taken into
account in order to get realistic form factors.
It should be stressed that in the convention of the present work and LCSR, the decay constants of
1P1 and
3P1 axial-vector mesons are of the same sign, while form factors V
B→1P1
i and V
B→3P1
i have
opposite signs. The sign convention is the other way around in the LFQM and pQCD calculations.
Therefore, as explained in [1], we put additional minus signs to the B → 1P1 form factors in Table
I.
The momentum dependence of the form factors calculated in the light-front quark model and
the LCSR approach is parametrized in the three-parameter form:
F (q2) =
F (0)
1− a q2/m2B + b q4/m4B
(2.12)
In the LFQM we use a different parametrization for the form factor V2(q
2) in some transitions [27]
F (q2) =
F (0)
(1− q2/m2B)[1− a q2/m2B + b q4/m4B ]
. (2.13)
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TABLE II: Same as Table I but in the light-cone sum rule model [28].
F F (0) a b F F (0) a b
ABa1 0.30± 0.05 1.64 0.986 ABb1 −0.16 ± 0.03 1.69 0.910
V Ba10 0.30± 0.05 1.77 0.926 V Bb10 −0.39 ± 0.07 1.22 0.426
V Ba11 0.60± 0.11 0.645 0.250 V Bb11 −0.32 ± 0.06 0.748 0.063
V Ba12 0.26± 0.05 1.48 1.00 V Bb12 −0.06 ± 0.01 0.539 1.76
ABK1A 0.27± 0.05 1.60 0.974 ABK1B −0.22+0.06−0.04 1.72 0.912
V BK1A0 0.22± 0.04 2.40 1.78 V BK1B0 −0.45+0.12−0.08 1.34 0.690
V BK1A1 0.56± 0.11 0.635 0.211 V BK1B1 −0.48+0.13−0.08 0.729 0.074
V BK1A2 0.25± 0.05 1.51 1.18 V BK1B2 −0.10+0.03−0.02 0.919 0.855
ABf1 0.18± 0.03 1.63 0.900 ABh1 −0.10 ± 0.02 1.54 0.848
V Bf10 0.18± 0.03 1.81 0.880 V Bh10 −0.24 ± 0.04 1.16 0.294
V Bf11 0.37± 0.07 0.640 0.153 V Bh11 −0.21 ± 0.04 0.612 0.078
V Bf12 0.16± 0.03 1.47 0.956 V Bh12 −0.04 ± 0.01 0.500 1.63
ABf8 0.13± 0.02 1.64 0.919 ABh8 −0.08 ± 0.02 1.56 0.827
V Bf80 0.12± 0.02 1.84 0.749 V Bh80 −0.18 ± 0.03 1.22 0.609
V Bf81 0.26± 0.05 0.644 0.209 V Bh81 −0.18 ± 0.03 0.623 0.094
V Bf82 0.11± 0.02 1.49 1.09 V Bh82 −0.03 ± 0.01 0.529 1.53
For B → ρ,K∗, ω form factors, we shall use the results in [32] obtained from light-cone sum
rules.
C. Light-cone distribution amplitudes
The light-cone distribution amplitudes (LCDAs) relevant for the present study are defined as [22,
33]
〈V (P, λ)|q¯1(y)γµq2(x)|0〉 = −ifVmV
∫ 1
0
du ei(u py+u¯px)
{
pµ
ǫ∗(λ)z
pz
Φ‖(u) + ε
∗(λ)
⊥µ g
(v)
⊥ (u)
−1
2
zµ
ǫ∗(λ)z
(pz)2
m2V g3(u)
}
, (2.14)
〈V (P, λ)|q¯1(y)γµγ5q2(x)|0〉 = ifV
(
1− f
⊥
V
fV
mq1 +mq2
mV
)
mV εµνρσ ǫ
∗ν
(λ)p
ρzσ
×
∫ 1
0
du ei(u py+u¯ px)
g
(a)
⊥ (u)
4
, (2.15)
〈V (P, λ)|q¯1(y)σµνq2(x)|0〉 = −f⊥V
∫ 1
0
du ei(u py+u¯ px)
{
(ε
∗(λ)
⊥µ pν − ε∗(λ)⊥ν pµ)Φ⊥(u)
+
m2A ǫ
∗(λ)z
(pz)2
(pµzν − pνzµ)h(t)‖ (u)
7
+
1
2
(ε
∗(λ)
⊥µ zν − ε∗(λ)⊥ν zµ)
m2V
p · zh3(u)
}
, (2.16)
〈V (P, λ)|q¯1(y)q2(x)|0〉 = −f⊥V
(
1− fV
f⊥V
mq1 +mq2
mV
)
m2V (ǫ
∗(λ)z)
∫ 1
0
du ei(u py+u¯ px)
h
(s)
‖ (u)
2
,
(2.17)
for the vector meson, and
〈A(P, λ)|q¯1(y)γµγ5q2(x)|0〉 = ifAmA
∫ 1
0
du ei(u py+u¯px)
{
pµ
ǫ∗(λ)z
pz
Φ‖(u) + ε
∗(λ)
⊥µ g
(a)
⊥ (u)
−1
2
zµ
ǫ∗(λ)z
(pz)2
m2Ag3(u)
}
, (2.18)
〈A(P, λ)|q¯1(y)γµq2(x)|0〉 = −ifAmA εµνρσ ǫ∗ν(λ)pρzσ
∫ 1
0
du ei(u py+u¯ px)
g
(v)
⊥ (u)
4
, (2.19)
〈A(P, λ)|q¯1(y)σµνγ5q2(x)|0〉 = f⊥A
∫ 1
0
du ei(u py+u¯ px)
{
(ε
∗(λ)
⊥µ pν − ε∗(λ)⊥ν pµ)Φ⊥(u)
+
m2A ǫ
∗(λ)z
(pz)2
(pµzν − pνzµ)h(t)‖ (u)
+
1
2
(ε
∗(λ)
⊥µ zν − ε∗(λ)⊥ν zµ)
m2A
pz
h3(u)
}
, (2.20)
〈A(P, λ)|q¯1(y)γ5q2(x)|0〉 = f⊥Am2A(ǫ∗(λ)z)
∫ 1
0
du ei(u py+u¯ px)
h
(p)
‖ (u)
2
, (2.21)
for the axial-vector meson, where z = y − x with z2 = 0 and we have introduced the light-like
vector pµ = Pµ −m2V (A)zµ/(2Pz) with the meson momentum P 2 = m2V (A). Here Φ‖,Φ⊥ are twist-
2 LCDAs, g
(a)
⊥ , g
(v)
⊥ , h
(t)
‖ , h
(p)
‖ twist-3 ones, and g3, h3 twist-4. In the definitions of LCDAs, the
longitudinal and transverse projections of polarization vectors ǫ
∗(λ)
µ along the z−direction for the
(axial-)vector meson are given by [33]
ε
∗(λ)
‖µ ≡
ǫ∗(λ)z
pz
(
pµ −
m2V (A)
2pz
zµ
)
, ε
∗(λ)
⊥µ = ǫ
∗(λ)
µ − ε∗(λ)‖µ . (2.22)
One should distinguish the above projectors from the exactly longitudinal and transverse polariza-
tion vectors of the (axial-)vector meson, which are independent of the coordinate variable z = y−x,
defined as
ǫ∗(0)µ =
E
mV (A)
[(
1−
m2V (A)
4E2
)
nµ−−
m2V (A)
4E2
nµ+
]
, ǫ
∗(λ)µ
⊥ ≡
(
ǫ∗(λ)µ− ǫ
∗(λ)n+
2
nµ−−
ǫ∗(λ)n−
2
nµ+
)
δλ,±1 ,
(2.23)
where we have defined two light-like vectors nµ± with n
µ
− ≡ (1, 0, 0,−1), and nµ+ ≡ (1, 0, 0, 1) and
assumed that the meson moves along the nµ− direction.
In the QCDF calculation, the LCDAs of the vector meson appear in the following way [34]
〈V (P, λ)|q¯1α(y) q2 δ(x)|0〉 = − i
4
∫ 1
0
du ei(u py+u¯px)
8
×
{
fVmV
(
6p ǫ
∗(λ)z
pz
Φ‖(u)+ 6ε∗(λ)⊥ g(v)⊥ (u) + εµνρσ ǫ∗µ(λ)pρzσ γνγ5
g
(a)
⊥ (u)
4
)
+ f⊥V

 6ε∗(λ)⊥ 6pΦ⊥(u)− im2V (ǫ∗(λ)z)(p · z)2 σµνpµzνh(t)‖ (u)− im2V (ǫ∗(λ)z)
h
(s)
‖ (u)
2


+O[(x− y)2]
}
δα
. (2.24)
Here, all the components of the parton should be taken into account in the calculation before the
collinear approximation is applied, so that one can assign the momenta
kµ1 = uEn
µ
− + k
µ
⊥ +
k2⊥
4uE
nµ+ , k
µ
2 = u¯En
µ
− − kµ⊥ +
k2⊥
4u¯E
nµ+ , (2.25)
to the quark and antiquark, respectively, in an energetic light final-state meson with the momentum
Pµ and mass m, satisfying the relation Pµ = Enµ− +m
2nµ+/(4E) ≃ Enµ−. To obtain the light-cone
projection operator of the meson in the momentum space, we apply the following substitution in
the calculation
zµ → −i ∂
∂k1 µ
≃ −i
(
nµ+
2E
∂
∂u
+
∂
∂k⊥ µ
)
, (2.26)
where terms of order k2⊥ have been omitted. Moreover, to perform the calculation in the momentum
space, we need to express Eq. (2.24) in terms of z-independent variables, P and ǫ∗(λ), instead of p
and ε∗(λ). Consequently, the light-cone projection operator of the meson in the momentum space,
including twist-3 two-parton distribution amplitudes, reads
Mδα =Mδα‖ +Mδα⊥ , (2.27)
where Mδα‖ and Mδα⊥ are the longitudinal and transverse projectors, respectively.
For the vector meson, the longitudinal projector reads [34]
MV‖ = −i
fV
4
mV (ǫ
∗
(λ)n+)
2
6n−Φ‖(u)− i
f⊥V mV
4
mV (ǫ
∗
(λ)n+)
2E
{
− i
2
σµν n
µ
−n
ν
+ h
(t)
‖ (u)
− iE
∫ u
0
dv (Φ⊥(v)− h(t)‖ (v)) σµνnµ−
∂
∂k⊥ν
+
h′‖
(s)(u)
2
} ∣∣∣∣∣
k=up
+O
[(
mV
E
)2]
, (2.28)
and the transverse projector has the form
MV⊥ = −i
f⊥V
4
E 6ǫ∗(λ)⊥ 6n−Φ⊥(u)
−ifVmV
4
{
6ǫ∗(λ)⊥ g(v)⊥ (u)− E
∫ u
0
dv (Φ‖(v) − g(v)⊥ (v)) 6n− ǫ∗(λ)⊥µ
∂
∂k⊥µ
+ iεµνρσ γ
µǫ
∗(λ)ν
⊥ n
ρ
−γ5
[
nσ+
g
′(a)
⊥ (u)
8
− E g
(a)
⊥ (u)
4
∂
∂k⊥σ
]} ∣∣∣∣∣
k=up
+O
[(
mV
E
)2]
, (2.29)
where k⊥ is the transverse momentum of the q1 quark in the vector meson. For the axial-vector
meson, the longitudinal projector is given by
MA‖ = −i
fA
4
mA(ǫ
∗
(λ)n+)
2
6n−γ5Φ‖(u) + i
f⊥AmA
4
mA(ǫ
∗
(λ)n+)
2E
{
− i
2
σµνγ5 n
µ
−n
ν
+ h
(t)
‖ (u)
− iE
∫ u
0
dv (Φ⊥(v)− h(t)‖ (v)) σµνγ5nµ−
∂
∂k⊥ν
+ γ5
h
′(p)
‖ (u)
2
} ∣∣∣∣∣
k=up
+O
[(
mA
E
)2]
, (2.30)
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and the transverse projector given by
MA⊥ = i
f⊥A
4
E 6ǫ∗(λ)⊥ 6n−γ5 Φ⊥(u)
−ifAmA
4
{
6ǫ∗(λ)⊥ γ5 g(a)⊥ (u)− E
∫ u
0
dv (Φ‖(v)− g(a)⊥ (v)) 6n−γ5 ǫ∗(λ)⊥µ
∂
∂k⊥µ
+ iεµνρσ γ
µǫ
∗(λ)ν
⊥ n
ρ
−
[
nσ+
g
′(v)
⊥ (u)
8
− E g
(v)
⊥ (u)
4
∂
∂k⊥σ
]} ∣∣∣∣∣
k=up
+O
[(
mA
E
)2]
. (2.31)
In the present study, we choose the coordinate systems in the Jackson convention; that is, in the
B rest frame, one of the vector or axial-vector mesons is moving along the z axis of the coordinate
system and the other along the −z axis, while the x axes of both daughter particles are parallel
[35]
ǫ
µ(0)
1 = (pc, 0, 0, E1)/m1, ǫ
µ(0)
2 = (pc, 0, 0,−E2)/m2,
ǫ
µ(±1)
1 =
1√
2
(0,∓1,−i, 0), ǫµ(±1)2 =
1√
2
(0,∓1,+i, 0), (2.32)
where pc is the center mass momentum of the final state meson and ǫ
∗(±1)
1 ·ǫ∗(±1)2 = −δ±1,±1. In the
large energy limit, if the Ameson moves along the nµ− direction, we will have ǫ
∗(λ)
A ·n+ = 2EA/mA δλ,0
and ǫ
∗(λ)
A · n− = 0. Note that if the coordinate systems are in the Jacob-Wick convention where
the y axes of both decay particles are parallel, the transverse polarization vectors of the second
meson will become ǫµ2 (±1) = (0,±1,−i, 0)/
√
2 and ǫ
∗(±1)
1 · ǫ∗(±1)2 = δ±1,±1. In general, the QCDF
amplitudes can be reduced to the form of
∫ 1
0 du tr(M
A . . .).
To obtain the projector on the transverse polarization states in the helicity basis, one can insert
ǫ∗⊥ = ǫ
∗
∓ to obtain
MV∓ (u) = −i
f⊥V
4
E 6ǫ∗(λ)∓ 6n−ΦV⊥(u)
−ifVmV
8
{
6ǫ∗(λ)∓ (1− γ5)
(
g
(v)
⊥ (u)±
g
′(a)
⊥ (u)
4
)
+ 6ǫ∗(λ)∓ (1 + γ5)
(
g
(v)
⊥ (u)∓
g
′(a)
⊥ (u)
4
)
−E 6n−(1− γ5)
(∫ u
0
dv(Φ‖(v)− g(v)⊥ (v))∓
g
(a)
⊥ (u)
4
)
ǫ∗∓ν
∂
∂k⊥ν
−E 6n−(1 + γ5)
(∫ u
0
dv(Φ‖(v)− g(v)⊥ (v))±
g
(a)
⊥ (u)
4
)
ǫ∗∓ν
∂
∂k⊥ν
}∣∣∣∣∣
k⊥=0
+O
[(
mV
E
)2]
,
(2.33)
and
MA∓ (u) = i
f⊥A
4
E 6ǫ∗(λ)∓ 6n−γ5ΦA⊥(u)
−ifAmA
8
{
− 6ǫ∗(λ)∓ (1− γ5)
(
g
(a)
⊥ (u)±
g
′(v)
⊥ (u)
4
)
+ 6ǫ∗(λ)∓ (1 + γ5)
(
g
(a)
⊥ (u)∓
g
′(v)
⊥ (u)
4
)
+E 6n−(1− γ5)
(∫ u
0
dv(Φ‖(v)− g(a)⊥ (v))∓
g
(v)
⊥ (u)
4
)
ǫ∗∓ν
∂
∂k⊥ν
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−E 6n−(1 + γ5)
(∫ u
0
dv(Φ‖(v)− g(a)⊥ (v))±
g
(v)
⊥ (u)
4
)
ǫ∗∓ν
∂
∂k⊥ν
}∣∣∣∣∣
k⊥=0
+O
[(
mA
E
)2]
.
(2.34)
Applying equations of motion to LCDAs, one can obtain the following Wandzura-Wilczek rela-
tions in which twist-3 LCDAs are related to the twist-2 ones [33] via
g
(v)
⊥ (u) =
1
2
[ ∫ u
0
Φ‖(v)
v¯
dv +
∫ 1
u
Φ‖(v)
v
dv
]
+ . . . , (2.35)
g
(a)
⊥ (u) = 2
[
u¯
∫ u
0
Φ‖(v)
v¯
dv + u
∫ 1
u
Φ‖(v)
v
dv
]
+ . . . , (2.36)
h
(t)
‖ (u) = (2u− 1)
[ ∫ u
0
Φ⊥(v)
v¯
dv −
∫ 1
u
Φ⊥(v)
v
dv
]
+ . . . , (2.37)
h
(s)
‖ (u) = 2
[
u¯
∫ u
0
Φ⊥(v)
v¯
dv + u
∫ 1
u
Φ⊥(v)
v
dv
]
+ . . . , (2.38)
for vector mesons, and
g
(a)
⊥ (u) =
1
2
[ ∫ u
0
Φ‖(v)
v¯
dv +
∫ 1
u
Φ‖(v)
v
dv
]
+ . . . , (2.39)
g
(v)
⊥ (u) = 2
[
u¯
∫ u
0
Φ‖(v)
v¯
dv + u
∫ 1
u
Φ‖(v)
v
dv
]
+ . . . , (2.40)
h
(t)
‖ (u) = (2u− 1)
[ ∫ u
0
Φ⊥(v)
v¯
dv −
∫ 1
u
Φ⊥(v)
v
dv
]
+ . . . , (2.41)
h
(p)
‖ (u) = 2
[
u¯
∫ u
0
Φ⊥(v)
v¯
dv + u
∫ 1
u
Φ⊥(v)
v
dv
]
+ . . . , (2.42)
for axial-vector mesons, where the ellipses denote additional contributions from three-particle dis-
tribution amplitudes containing gluons and terms proportional to light quark masses, which we do
not consider here and below. Eqs. (2.35)-(2.42) further give us
g
′(a)
⊥ (v)
4
+ g
(v)
⊥ (v) =
∫ 1
v
Φ‖(u)
u
du ≡ Φ+(v) ,
g
′(a)
⊥ (v)
4
− g(v)⊥ (v) = −
∫ v
0
Φ‖(u)
u¯
du ≡ −Φ−(v) ,
h
′(s)
‖ (v) = −2
[ ∫ v
0
Φ⊥(u)
u¯
du−
∫ 1
v
Φ⊥(u)
u
du
]
≡ −2Φv(v), (2.43)
∫ v
0
du(Φ⊥(u)− h(t)‖ (u)) = vv¯
[ ∫ v
0
Φ⊥(u)
u¯
du−
∫ 1
v
Φ⊥(u)
u
du
]
= vv¯Φv(v),
∫ v
0
du(Φ‖(u)− g(v)⊥ (u)) =
1
2
[
v¯
∫ v
0
Φ‖(u)
u¯
du− v
∫ 1
v
Φ‖(u)
u
du
]
=
1
2
(
v¯Φ−(v)− vΦ+(v)
)
,
for vector mesons, and
g
′(v)
⊥ (v)
4
+ g
(a)
⊥ (v) =
∫ 1
v
Φ‖(u)
u
du ≡ Φ+(v) ,
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g
′(v)
⊥ (v)
4
− g(a)⊥ (v) = −
∫ v
0
Φ‖(u)
u¯
du ≡ −Φ−(v) ,
h
′(p)
‖ (v) = −2
[ ∫ v
0
Φ⊥(u)
u¯
du−
∫ 1
v
Φ⊥(u)
u
du
]
≡ −2Φa(v),
∫ v
0
du(Φ⊥(u)− h(t)‖ (u)) = vv¯
[ ∫ v
0
Φ⊥(u)
u¯
du−
∫ 1
v
Φ⊥(u)
u
du
]
= vv¯Φa(v), (2.44)
∫ v
0
du(Φ‖(u)− g(a)⊥ (u)) =
1
2
[
v¯
∫ v
0
Φ‖(u)
u¯
du− v
∫ 1
v
Φ‖(u)
u
du
]
=
1
2
(
v¯Φ−(v)− vΦ+(v)
)
,
for axial-vector mesons.
After applying the Wandzura-Wilczek relations, the transverse helicity projectors (2.33) and
(2.34) can be simplified to
MV∓ (u) = −i
f⊥V
4
E 6ǫ∗(λ)∓ 6n−ΦV⊥(u)
−ifVmV
8
{
ǫ
∗(λ)
∓ν Φ+(u)
[
γν(1∓ γ5) + uE 6n−(1∓ γ5) ∂
∂k⊥ν
]
+ǫ
∗(λ)
∓ν Φ−(u)
[
γν(1± γ5)− u¯E 6n−(1± γ5) ∂
∂k⊥ν
]}∣∣∣∣∣
k⊥=0
+O
[(
mV
E
)2]
,
(2.45)
and
MA∓ (u) = i
f⊥A
4
E 6ǫ∗(λ)∓ 6n−γ5ΦA⊥(u)
−ifAmA
8
{
ǫ
∗(λ)
∓ν Φ+(u)
[
γν(1∓ γ5) + uE 6n−(1∓ γ5) ∂
∂k⊥ν
]
γ5
+ǫ
∗(λ)
∓ν Φ−(u)
[
γν(1± γ5)− u¯E 6n−(1± γ5) ∂
∂k⊥ν
]
γ5
}∣∣∣∣∣
k⊥=0
+O
[(
mA
E
)2]
.
(2.46)
From Eqs. (2.28)-(2.31) and (2.35)-(2.44), we see that Φ+ and Φ− project onto transversely
polarized vector or axial-vector mesons in which quark and antiquark flips helicity, respectively,
while Φv(a) projects onto longitudinally polarized vector (axial-vector) mesons in which either the
quark or antiquark flips helicity.
We next specify the LCDAs for vector and axial-vector mesons. The general expressions of
LCDAs are
ΦV (x, µ) = 6x(1− x)
[
1 +
∞∑
n=1
aVn (µ)C
3/2
n (2x− 1)
]
, (2.47)
and
Φv(x, µ) = 3
[
2x− 1 +
∞∑
n=1
a⊥,Vn (µ)Pn+1(2x− 1)
]
, (2.48)
for the vector meson, where Pn(x) are the Legendre polynomials. The normalization of LCDAs is∫ 1
0
dxΦV (x) = 1,
∫ 1
0
dxΦv(x) = 0. (2.49)
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The explicit expressions of the LCDAs of axial-vector mesons have been discussed in details in
[1, 22]. We use
Φ
1P1
⊥ (u) = 6uu¯
{
1 + 3a⊥,
1P1
1 (2u− 1) + a⊥,
1P1
2
3
2
[
5(2u− 1)2 − 1
]}
,
Φ
1P1
‖ (u) = 6uu¯
{
a
‖,1P1
0 + 3a
‖,1P1
1 (2u− 1) + a‖,
1P1
2
3
2
[
5(2u− 1)2 − 1
]}
,
Φ
1P1
a (u) = 3
[
(2u− 1) +
∞∑
n=1
a⊥,
1P1
n (µ)Pn+1(2u− 1)
]
, (2.50)
for 1P1 mesons, and
Φ
3P1
‖ (u) = 6uu¯
{
1 + 3a
‖,3P1
1 (2u− 1) + a‖,
3P1
2
3
2
[
5(2u− 1)2 − 1
]}
,
Φ
3P1
⊥ (u) = 6uu¯
{
a⊥,
3P1
0 + 3a
⊥,3P1
1 (2u− 1) + a⊥,
3P1
2
3
2
[
5(2u − 1)2 − 1
]}
,
Φ
3P1
a (u) = 3
[
a⊥,
3P1
0 (2u− 1) +
∞∑
n=1
a⊥,
3P1
n (µ)Pn+1(2u− 1)
]
, (2.51)
for 3P1 mesons. The normalization conditions are∫ 1
0
dxΦ
1P1
‖ (x) = a
‖,1P1
0 ,
∫ 1
0
dxΦ
3P1
‖ (x) = 1,∫ 1
0
dxΦ
1P1
⊥ (x) = 1,
∫ 1
0
dxΦ
3P1
‖ (x) = a
⊥,3P1
0 ,∫ 1
0
dxΦ
1P1
a (x) =
∫ 1
0
dxΦ
3P1
a (x) = 0. (2.52)
It should be stressed that the LCDAs Φ
1P1
‖ and Φ
3P1
⊥ are defined with the decay constants
f⊥1P1 and f3P1 , respectively, even though their corresponding normalizations are f1P1 and f
⊥
3P1
. As
stressed in [1], if we employ the decay constants f1P1 and f
⊥
3P1
to define the the LCDAs Φ
1P1
‖ and
Φ
3P1
⊥ , they will have the form
Φ
1P1
‖ (u) = f1P16uu¯
{
1 + µ1P1
2∑
i=1
a
‖,1P1
i C
3/2
i (2u− 1)
}
,
Φ
3P1
⊥ (u) = f
⊥
3P1
6uu¯
{
1 + µ3P1
2∑
i=1
a⊥,
3P1
i C
3/2
i (2u− 1)
}
, (2.53)
where µ1P1 = 1/a
‖,1P1
0 and µ3P1 = 1/a
⊥,3P1
0 which become infinite in the SU(3) limit. Therefore,
it is most convenient to use Eq. (2.50) for the LCDA Φ
1P1
‖ and (2.51) for the LCDA Φ
3P1
‖ which
amount to treating the decay constant of 1P1 as f
⊥
1P1
and the tensor decay constant of 3P1 as f3P1 .
Of course, this does not mean that f1P1 (f
⊥
3P1
) is equal to f⊥1P1 (f3P1).
For the B meson, we use the light-cone projector [34]
MBβα = −
ifBmB
4
{
1 + v/
2
[
ΦB1 (ω)n/+ +Φ
B
2 (ω)
(
n/− − l+γν⊥
∂
∂lν⊥
)]
γ5
}
αβ
. (2.54)
The integral of the B meson wave function is parameterized as [5]∫ 1
0
dρ
1− ρΦ
B
1 (ρ) ≡
mB
λB
, (2.55)
where 1− ρ is the momentum fraction carried by the light spectator quark in the B meson.
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D. A summary of input quantities
It is useful to summarize all the input quantities we have used in this work.
For the CKM matrix elements, we use the Wolfenstein parameters A = 0.807 ± 0.018, λ =
0.2265 ± 0.0008, ρ¯ = 0.141+0.029−0.017 and η¯ = 0.343 ± 0.016 [36]. The corresponding three unitarity
angles are α = (90.7+4.5−1.9)
◦, β = (21.7 ± 0.017)◦ and γ = (67.6+2.8−4.5)◦.
For the running quark masses we shall use [25, 37]
mb(mb) = 4.2GeV, mb(2.1GeV) = 4.94GeV, mb(1GeV) = 6.34GeV,
mc(mb) = 0.91GeV, mc(2.1GeV) = 1.06GeV, mc(1GeV) = 1.32GeV,
ms(2.1GeV) = 95MeV, ms(1GeV) = 118MeV,
md(2.1GeV) = 5.0MeV, mu(2.1GeV) = 2.2MeV. (2.56)
Among the quarks, the strange quark gives the major theoretical uncertainty to the decay am-
plitude. Hence, we will only consider the uncertainty in the strange quark mass given by
ms(2.1GeV) = 95 ± 20 MeV. Notice that for the one-loop penguin contribution, the relevant
quark mass is the pole mass rather than the current one [38]. Since the penguin loop correction is
governed by the ratio of the pole masses squared si ≡ (mpolei /mpoleb )2 [see Eqs. (3.18) and (3.20)
below] and since the pole mass is meaningful only for heavy quarks, we only need to consider the
ratio of c and b quark pole masses given by sc = (0.3)
2.
The strong coupling constants employed in the present work are
αs(4.2GeV) = 0.221, αs(2.1GeV) = 0.293, αs(1.45GeV) = 0.359, αs(1GeV) = 0.495 .
(2.57)
For longitudinal and transverse decay constants of the vector mesons, we use (in units of MeV)
fρ = 216± 3, fω = 187 ± 5, fK∗ = 220± 5, fφ = 215 ± 5,
f⊥ρ = 165 ± 9, f⊥ω = 151 ± 9, f⊥K∗ = 185 ± 10, f⊥φ = 186 ± 9 , (2.58)
where the values of fV and f
⊥
V (1GeV) are taken from [39].
The decay constants f3P1 for a1, f1, f8
1 and f⊥1P1(1GeV) for b1, h1, h8 obtained from QCD
sum rule methods are listed in [22]. For the decay constants of K1A and K1B we use
fK1A = 250± 13 MeV, fK1B = a‖,K1B0 f⊥K1B ≈ −28 MeV, (2.59)
where uses of f⊥K1B = 190 ± 10 MeV [22] and the value of a
‖,K1B
0 from Table III have been made.
Therefore,
fK1(1270) = −184± 11 MeV , fK1(1400) = 177 ± 12 MeV , for θK1 = −37◦,
fK1(1270) = −234± 15 MeV, fK1(1400) = 100 ± 12 MeV , for θK1 = −58◦. (2.60)
1 Recall that f8 and f1 are SU(3)-octet and -singlet states.
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TABLE III: Gegenbauer moments of Φ⊥ and Φ‖ for 1
3P1 and 1
1P1 mesons, respectively, where
a⊥,K1A0 and a
‖,K1B
0 are updated from the B → K1γ analysis [24], and a‖,K1A1 , a⊥,K1A2 , a‖,K1B2 , and
a⊥,K1B1 are then obtained from Eq. (141) in [22]. The scale dependence of Gegenbauer moments is
referred to Eq. (2.57).
µ a
‖,a1(1260)
2 a
‖,f
3P1
1
2 a
‖,f
3P1
8
2 a
‖,K1A
2 a
‖,K1A
1
1 GeV
2.2 GeV
−0.02 ± 0.02
−0.01 ± 0.01
−0.04 ± 0.03
−0.03 ± 0.02
−0.07± 0.04
−0.05± 0.03
−0.05± 0.03
−0.04± 0.02
−0.30+0.26−0.00
−0.24+0.21−0.00
µ a
⊥,a1(1260)
1 a
⊥,f
3P1
1
1 a
⊥,f
3P1
8
1 a
⊥,K1A
1 a
⊥,K1A
0 a
⊥,K1A
2
1 GeV
2.2 GeV
−1.04 ± 0.34
−0.81 ± 0.26
−1.06 ± 0.36
−0.82 ± 0.28
−1.11± 0.31
−0.86± 0.24
−1.08± 0.48
−0.84± 0.37
0.26+0.03−0.22
0.24+0.03−0.21
0.02 ± 0.21
0.01 ± 0.15
µ a
‖,b1(1235)
1 a
‖,h
1P1
1
1 a
‖,h
1P1
8
1 a
‖,K1B
1 a
‖,K1B
0 a
‖,K1B
2
1 GeV
2.2 GeV
−1.95 ± 0.35
−1.56 ± 0.28
−2.00 ± 0.35
−1.60 ± 0.28
−1.95± 0.35
−1.56± 0.28
−1.95± 0.45
−1.56± 0.36
−0.15± 0.15
−0.15± 0.15
0.09+0.16−0.18
0.06+0.11−0.13
µ a
⊥,b1(1235)
2 a
⊥,h
1P1
1
2 a
⊥,h
1P1
8
2 a
⊥,K1B
2 a
⊥,K1B
1
1 GeV
2.2 GeV
0.03 ± 0.19
0.02 ± 0.14
0.18 ± 0.22
0.14 ± 0.17
0.14 ± 0.22
0.11 ± 0.17
−0.02± 0.22
−0.02± 0.17
0.30+0.00−0.31
0.25+0.00−0.26
The Gegenbauer moments a
(⊥),V
i and a
‖ (⊥),A
i have been studied using the QCD sum rule method.
Here we employ the most recent updated values evaluated at µ = 1 GeV [40]
aK
∗
1 = 0.03 ± 0.02, a⊥,K
∗
1 = 0.04± 0.03, aK
∗
2 = 0.11 ± 0.09, a⊥,K
∗
2 = 0.10± 0.08,
aρ,ω2 = 0.15 ± 0.07, a⊥,ρ,ω2 = 0.14 ± 0.06, aφ2 = 0.18 ± 0.08, a⊥,φ2 = 0.14 ± 0.07. (2.61)
Note that aV1 = 0, a
⊥,V
1 =0 for V = ρ, ω, φ. The Gegenbauer moments a
‖ (⊥),A
i for axial-vector
mesons are summarized in Table III. This table is taken from [22] with some updates on the
Gegenbauer moments a⊥,K1A0 , a
‖,K1B
0 , a
‖,K1A
1 , a
⊥,K1A
2 , a
‖,K1B
2 , a
⊥,K1B
1 , a
⊥,a1
1 and a
⊥,f
3P1
1
1 . As stressed
before, the values of the G-parity violating Gegenbauer moments (e.g. aK1 , a
‖,K1A
1 , a
⊥,K1A
0,2 , a
⊥,K1B
1
and a
‖,K1B
0,2 ) are displayed for the mesons containing a strange quark. Their signs are flipped for
the mesons containing a s¯ quark. In general, ΦK(1− x) = ΦK¯(x).
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For the B meson, we shall use λB(1 GeV) = (250 ± 100) MeV for its wave function and fB =
210 ± 20 MeV for its decay constant.
The Wilson coefficients ci(µ) at various scales, µ = 4.4 GeV, 2.1 GeV, 1.45 GeV and 1 GeV
are taken from [41]. For the renormalization scale of the decay amplitude, we choose µ = mb(mb).
However, as will be discussed below, the hard spectator and annihilation contributions will be
evaluated at the hard-collinear scale µh =
√
µΛh with Λh ≈ 500 MeV.
III. B → V A,AA DECAYS IN QCD FACTORIZATION
Within the framework of QCD factorization [5], the effective Hamiltonian matrix elements are
written in the form
〈M1M2|Heff |B〉=GF√
2
∑
p=u,c
λp〈M1M2|TAh,p+TBh,p|B〉 , (3.1)
where λp ≡ VpbV ∗pq with q = d, s, and the superscript h denotes the helicity of the final-state meson.
TAh,p describes contributions from naive factorization, vertex corrections, penguin contractions and
spectator scattering expressed in terms of the flavor operators ap,hi , while TB contains annihilation
topology amplitudes characterized by the annihilation operators bp,hi .
The flavor operators ap,hi are basically the Wilson coefficients in conjunction with short-distance
nonfactorizable corrections such as vertex corrections and hard spectator interactions. In general,
they have the expressions [5, 6]
ap,hi (M1M2) =
(
ci +
ci±1
Nc
)
Nhi (M2)
∫ 1
0
ΦM2,h(x)dx
+
ci±1
Nc
CFαs
4π
[
V hi (M2) +
4π2
Nc
Hhi (M1M2)
]
+ P h,pi (M2), (3.2)
where i = 1, · · · , 10, the upper (lower) signs apply when i is odd (even), ci are the Wilson coefficients,
CF = (N
2
c−1)/(2Nc) withNc = 3,M2 is the emitted meson andM1 shares the same spectator quark
with the B meson. The quantities V hi (M2) account for vertex corrections, H
h
i (M1M2) for hard
spectator interactions with a hard gluon exchange between the emitted meson and the spectator
quark of the B meson and Pi(M2) for penguin contractions. The LCDA Φ
M,h in the first term of
Eq. (3.2) is ΦM‖ for h = 0 and Φ
M
⊥ for h = ±. The expression of the quantities Nhi (M2) reads
Nhi (M2) =
{
0, i = 6, 8,
1, else.
(3.3)
Vertex corrections
The vertex corrections are given by
V 0i (M2) =


∫ 1
0
dxΦM2‖ (x)
[
12 ln
mb
µ
− 18 + g(x)
]
, (i = 1–4, 9, 10)
∫ 1
0
dxΦM2‖ (x)
[
− 12 ln mb
µ
+ 6− g(1− x)
]
, (i = 5, 7)
∫ 1
0
dxΦm2(x)
[
− 6 + h(x)
]
, (i = 6, 8)
(3.4)
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V ±i (M2) =


∫ 1
0
dxΦM2± (x)
[
12 ln
mb
µ
− 18 + gT (x)
]
, (i = 1–4, 9, 10)
∫ 1
0
dxΦM2∓ (x)
[
− 12 ln mb
µ
+ 6− gT (1− x)
]
, (i = 5, 7)
0, (i = 6, 8)
(3.5)
with
g(x) = 3
(
1− 2x
1− x lnx− iπ
)
+
[
2Li2(x)− ln2 x+ 2 lnx
1− x − (3 + 2iπ) ln x− (x↔ 1− x)
]
,
h(x) = 2Li2(x)− ln2 x− (1 + 2iπ) ln x− (x↔ 1− x) ,
gT (x) = g(x) +
lnx
x¯
, (3.6)
where x¯ = 1 − x, ΦM‖ is a twist-2 light-cone distribution amplitude of the meson M , Φm (for
the longitudinal component), and Φ± (for transverse components) are twist-3 ones. Specifically,
Φm = Φv for M = V and Φm = Φa for M = A.
Hard spectator terms
Hhi (M1M2) arise from hard spectator interactions with a hard gluon exchange between the
emitted meson and the spectator quark of the B meson. H0i (M1M2) have the expressions:
H0i (M1M2) =
ifBfM1fM2
X
(BM1,M2)
0
mB
λB
∫ 1
0
dudv
(
ΦM1‖ (u)Φ
M2
‖ (v)
u¯v¯
± rM1χ
Φm1(u)Φ
M2
‖ (v)
u¯v
)
, (3.7)
for i = 1− 4, 9, 10,
H0i (M1M2) = −
ifBfM1fM2
X
(BM1,M2)
0
mB
λB
∫ 1
0
dudv
(
ΦM1‖ (u)Φ
M2
‖ (v)
u¯v
± rM1χ
Φm1(u)Φ
M2
‖ (v)
u¯v¯
)
, (3.8)
for i = 5, 7, and H0i (M1M2) = 0 for i = 6, 8, where the upper (lower) signs apply when M1 = V
(M1 = A). The transverse hard spectator terms H
±
i (M1M2) read
H−i (M1M2) = η
−(M1M2)
2ifBf
⊥
M1
fM2mM2
mBX
(BM1,M2)
−
mB
λB
∫ 1
0
dudv
ΦM1⊥ (u)Φ
M2
− (v)
u¯2v
, (3.9)
H+i (M1M2) = η
+(M1M2)
2ifBfM1fM2mM1mM2
m2BX
(BM1,M2)
+
mB
λB
∫ 1
0
dudv
(u¯− v)ΦM1+ (u)ΦM2+ (v)
u¯2v¯2
, (3.10)
for i = 1− 4, 9, 10, and
H−i (M1M2) = σ
−(M1M2)
2ifBf
⊥
M1
fM2mM2
mBX
(BM1,M2)
−
mB
λB
∫ 1
0
dudv
ΦM1⊥ (u)Φ
M2
+ (v)
u¯2v¯
, (3.11)
H+i (M1M2) = σ
+(M1M2)
2ifBfM1fM2mM1mM2
m2BX
(BM1,M2)
+
mB
λB
∫ 1
0
dudv
(u− v)ΦM1+ (u)ΦM2− (v)
u¯2v2
, (3.12)
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for i = 5, 7, and
H−i (M1M2) = σ
−(M1M2)
ifBfM1fM2mM2
mBX
(BM1,M2)
−
mBmM1
m2M2
mB
λB
∫ 1
0
dudv
ΦM1+ (u)Φ
M2
⊥ (v)
vu¯v¯
, (3.13)
H+i (M1M2) = 0, (3.14)
for i = 6, 8, where
η−(M1M2) =
{
+1; for M1M2 = V V, V A,
−1; for M1M2 = AV,AA,
σ−(M1M2) =
{
+1; for M1M2 = V A,AV ,
−1; for M1M2 = V V,AA,
σ+(M1M2) =
{
+1; for M1M2 = V A,AA,
−1; for M1M2 = V V,AV ,
(3.15)
and η+(M1M2) = −1. To write down Eq. (3.13), we have factored out the rM2χ term so that a±6 will
contribute to the decay amplitude in the product of rM2χ a
±
6 ∝ rM2χ H±6 . Two remarks are in order:
(i) We have checked explicitly that the hard spectator terms depend on the B meson wave function
ΦB1 (ρ), but not on Φ
B
2 (ρ). (ii) Since Beneke et al. [13] adopted the Jacob convention for transverse
polarization states, they have ǫ∗1 ·ǫ∗2 = 1. As a consequence, their expressions for the parameters η±,
σ± and the decay amplitudes X
(BV1,V2)
± defined below have signs opposite to ours. Nevertheless,
the expressions for H±i (M1M2) are independent of the choice for transverse polarization vectors.
The helicity dependent factorizable amplitudes defined by
X(BM1,M2) = 〈M2(p2, ǫ∗2)|Jµ|0〉〈M1(p1, ǫ∗1)|Jµ|B〉 (3.16)
have the expressions
X
(BV1,M2)
0 =
ifM2
2mV1
[
(m2B −m2V1 −m2M2)(mB +mV1)ABV11 (q2)−
4m2Bp
2
c
mB +mV1
ABV12 (q
2)
]
,
X
(BA1,M2)
0 =
ifM2
2mA1
[
(m2B −m2A1 −m2M2)(mB −mA1)V BA11 (q2)−
4m2Bp
2
c
mB −mA1
V BA12 (q
2)
]
,
X
(BV1,M2)
± = −ifM2mBmM2
[(
1 +
mV1
mB
)
ABV11 (q
2)∓ 2pc
mB +mV1
V BV1(q2)
]
,
X
(BA1,M2)
± = −ifM2mBmM2
[(
1− mA1
mB
)
V BA11 (q
2)∓ 2pc
mB −mA1
ABA1(q2)
]
, (3.17)
where M2 = V2, A2 and pc is the c.m. momentum.
Penguin terms
At order αs, corrections from penguin contractions are present only for i = 4, 6. For i = 4 we
obtain
P h,p4 (M2) =
CFαs
4πNc
{
c1
[
GhM2(sp) + gM2
]
+ c3
[
GhM2(ss) +G
h
M2(1) + 2gM2
]
+(c4 + c6)
b∑
i=u
[
GhM2(si) + g
′
M2
]
− 2ceff8gGhg
}
, (3.18)
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where si = m
2
i /m
2
b and the function G
h
M2
(s) is given by
GhM2(s) = 4
∫ 1
0
duΦM2,h(u)
∫ 1
0
dxxx¯ ln[s− u¯xx¯− iǫ],
gM2 =
(
4
3
ln
mb
µ
+
2
3
)∫ 1
0
ΦM2,h(x)dx,
g′M2 =
4
3
ln
mb
µ
∫ 1
0
ΦM2,h(x)dx, (3.19)
with ΦM2,0 = ΦM2‖ , Φ
M2,± = ΦM2± . For i = 6, the result for the penguin contribution is
P h,p6 (M2) =
CFαs
4πNc
{
c1Gˆ
h
M2(sp) + c3
[
GˆhM2(ss) + Gˆ
h
M2(1)
]
+ (c4 + c6)
b∑
i=u
GˆhM2(si)
}
. (3.20)
In analogy with (3.19), the function GˆM2(s) is defined as
Gˆ0M2(s) = 4
∫ 1
0
duΦm2(u)
∫ 1
0
dxxx¯ ln[s− u¯xx¯− iǫ],
Gˆ±M2(s) = 0 . (3.21)
Therefore, the transverse penguin contractions vanish for i = 6, 8: P±,p6,8 = 0. Note that we have
factored out the rM2χ term in Eq. (3.20) so that when the vertex correction V6,8 is neglected, a
0
6
will contribute to the decay amplitude in the product rM2χ a
0
6 ≈ rM2χ P 06 .
For i = 8, 10 we find
P h,p8 (M2) =
αem
9πNc
(c1 +Ncc2) Gˆ
h
M2(sp) , (3.22)
P h,p10 (M2) =
αem
9πNc
{
(c1 +Ncc2)
[
GhM2(sp) + 2gM2
]
− 3ceffγ Ghg
}
. (3.23)
For i = 7, 9,
P−,p7,9 (M2) = −
αem
3π
Ceff7γ
mBmb
m2M2
+
2αem
27π
(c1 +Ncc2)
[
δpc ln
m2c
µ2
+ δpu ln
ν2
µ2
+ 1
]
, (3.24)
if M2 = ρ
0, ω, φ, otherwise P−,p7,9 (M2) = 0. Here the first term is an electromagnetic penguin
contribution to the transverse helicity amplitude enhanced by a factor of mBmb/m
2
M2
, as first
pointed out in [42]. Note that the quark loop contains an ultraviolet divergence for both transverse
and longitudinal components which must be subtracted in accordance with the scheme used to
define the Wilson coefficients. The scale and scheme dependence after subtraction is required to
cancel the scale and scheme dependence of the electroweak penguin coefficients. Therefore, the
scale µ in the above equation is the same as the one appearing in the expressions for the penguin
corrections, e.g. Eq. (3.19). On the other hand, the scale ν is referred to the scale of the decay
constant fM2(ν) as the operator q¯γ
µq has a non-vanishing anomalous dimension in the presence of
electromagnetic interactions [6]. The ν dependence of Eq. (3.24) is compensated by that of fM2(ν).
The relevant integrals for the dipole operators Og,γ are
G0g =
∫ 1
0
du
ΦM2‖ (u)
u¯
,
G±g =
∫ 1
0
du
u¯
[
1
2
(
u¯ΦM2− (u)− uΦM2+ (u)
)
− u¯ΦM2± (u) +
1
2
(
u¯ΦM2− (u) + uΦ
M2
+ (u)
)]
. (3.25)
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Using Eq. (2.44), G±g can be further reduced to
G+g =
∫ 1
0
du
[
ΦM2− (u)− ΦM2+ (u)
]
= 0,
G−g = 0. (3.26)
Hence, G±g in Eq. (3.25) are actually equal to zero. It was first pointed out by Kagan [11] that the
dipole operators Q8g and Q7γ do not contribute to the transverse penguin amplitudes at O(αs) due
to angular momentum conservation.
Annihilation topologies
The weak annihilation contributions to the decay B →M1M2 can be described in terms of the
building blocks bp,hi and b
p,h
i,EW
GF√
2
∑
p=u,c
λp〈M1M2|TBh,p|B0〉 = iGF√
2
∑
p=u,c
λpfBfM1fM2
∑
i
(dib
p,h
i + d
′
ib
p,h
i,EW). (3.27)
The building blocks have the expressions
b1 =
CF
N2c
c1A
i
1, b3 =
CF
N2c
[
c3A
i
1 + c5(A
i
3 +A
f
3) +Ncc6A
f
3
]
,
b2 =
CF
N2c
c2A
i
1, b4 =
CF
N2c
[
c4A
i
1 + c6A
f
2
]
,
b3,EW =
CF
N2c
[
c9A
i
1 + c7(A
i
3 +A
f
3 ) +Ncc8A
i
3
]
,
b4,EW =
CF
N2c
[
c10A
i
1 + c8A
i
2
]
, (3.28)
where for simplicity we have omitted the superscripts p and h in above expressions. The subscripts
1,2,3 of Ai,fn denote the annihilation amplitudes induced from (V − A)(V − A), (V − A)(V + A)
and (S − P )(S + P ) operators, respectively, and the superscripts i and f refer to gluon emission
from the initial and final-state quarks, respectively. Following [6] we choose the convention that
M1 contains an antiquark from the weak vertex and M2 contains a quark from the weak vertex.
The explicit expressions of weak annihilation amplitudes are:
Ai, 01 (M1M2) = παs
∫ 1
0
du dv
{
CM1M2 ΦM1‖ (v)Φ
M2
‖ (v)
[
1
u(1− u¯v) +
1
uv¯2
]
−DM1M2 rM1χ rM2χ Φm1(u)Φm2(v)
2
uv¯
}
, (3.29)
Ai,−1 (M1M2) = −παs
2mM1mM2
m2B
∫ 1
0
du dv
{
ΦM1− (u)Φ
M2
− (v)
[
u¯+ v¯
u2v¯2
+
1
(1− u¯v)2
]}
, (3.30)
Ai,+1 (M1M2) = −παs
2mM1mM2
m2B
∫ 1
0
du dv
{
ΦM1+ (u)Φ
M2
+ (v)
[
2
uv¯3
− v
(1− u¯v)2 −
v
v¯2(1− u¯v)
]}
,(3.31)
Ai, 02 (M1M2) = παs
∫ 1
0
du dv
{
CM1M2 ΦM1‖ (v)Φ
M2
‖ (v)
[
1
v¯(1− u¯v) +
1
u2v¯
]
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−DM1M2 rM1χ rM2χ Φm1(u)Φm2(v)
2
uv¯
}
, (3.32)
Ai,−2 (M1M2) = −παs
2mM1mM2
m2B
∫ 1
0
du dv
{
CM1M2 ΦM1+ (u)Φ
M2
+ (v)
×
[
u+ v
u2v¯2
+
1
(1− u¯v)2
]}
, (3.33)
Ai,+2 (M1M2) = −παs
2mM1mM2
m2B
∫ 1
0
du dv
{
CM1M2 ΦM1− (u)Φ
M2
− (v)
×
[
2
u3v¯
− u¯
(1− u¯v)2 −
u¯
u2(1− u¯v)
]}
, (3.34)
Ai, 03 (M1M2) = παs
∫ 1
0
du dv
{
CM1M2 rM1χ Φm1(v)Φ
M2
‖ (v)
2u¯
uv¯(1− u¯v)
+DM1M2 rM2χ Φ
M1
‖ (v)Φm2(v)
2v
uv¯(1− u¯v)
}
, (3.35)
Ai,−3 (M1M2) = −παs
∫ 1
0
du dv
{
−CM1M2mM2
mM1
rM1χ Φ
M1
⊥ (u)Φ
M2
− (v)
2
uv¯(1− u¯v)
+DM1M2
mM1
mM2
rM2χ Φ
M1
+ (u)Φ
M2
⊥ (v)
2
uv¯(1− u¯v)
}
, (3.36)
Af, 03 (M1M2) = παs
∫ 1
0
du dv
{
CM1M2 rM1χ Φm1(u)Φ
M2
‖ (v)
2(1 + v¯)
uv¯2
−DM1M2 rM2χ ΦM1‖ (u)Φm2(v)
2(1 + u)
u2v¯
}
, (3.37)
Af,−3 (M1M2) = −παs
∫ 1
0
du dv
{
CM1M2
mM2
mM1
rM1χ Φ
M1
⊥ (u)Φ
M2
− (v)
2
u2v¯
+DM1M2
mM1
mM2
rM2χ Φ
M1
+ (u)Φ
M2
⊥ (v)
2
uv¯2
}
, (3.38)
and Af,h1 = A
f,h
2 = A
i,+
3 = A
f,+
3 = 0, where
Ai,01 , A
i,0
3 : D
V A = DAV = −1,
Ai,02 , A
i,±
2 : C
V A = CAV = −1,
Ai,−3 , A
f,0
3 , A
f,−
3 : C
AV = CAA = −1, DV A = DAV = −1, (3.39)
and the parameters C and D are equal to +1 for all other cases. Note that our results for A
i(f),±
n
have opposite signs to that in [13] as Beneke et al. adopted the Jacob convention for the transverse
polarization vectors. We employ the same convention as in [6] that M1 contains an antiquark from
the weak vertex with longitudinal fraction y¯, while M2 contains a quark from the weak vertex with
momentum fraction x.
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Since the annihilation contributions Ai,±1,2 are suppressed by a factor of m1m2/m
2
B relative to
other terms, in numerical analysis we will consider only the annihilation contributions due to Af,03 ,
Af,−3 , A
i,0
1,2,3 and A
i,−
3 .
Finally, two remarks are in order: (i) Although the parameters ai(i 6= 6, 8) and a6,8rχ are
formally renormalization scale and γ5 scheme independent, in practice there exists some residual
scale dependence in ai(µ) to finite order. To be specific, we shall evaluate the vertex corrections
to the decay amplitude at the scale µ = mb. (The issue with the renormalization scale µ will
be discussed in more detail in Sec. IV). In contrast, as stressed in [5], the hard spectator and
annihilation contributions should be evaluated at the hard-collinear scale µh =
√
µΛh with Λh ≈
500 MeV. (ii) Power corrections in QCDF always involve troublesome endpoint divergences. For
example, the annihilation amplitude has endpoint divergences even at twist-2 level and the hard
spectator scattering diagram at twist-3 order is power suppressed and posses soft and collinear
divergences arising from the soft spectator quark. Since the treatment of endpoint divergences is
model dependent, subleading power corrections generally can be studied only in a phenomenological
way. We shall follow [5] to model the endpoint divergence X ≡ ∫ 10 dx/x¯ in the annihilation and
hard spectator scattering diagrams as
XA = ln
(
mB
Λh
)
(1 + ρAe
iφA), XH = ln
(
mB
Λh
)
(1 + ρHe
iφH ), (3.40)
with the unknown real parameters ρA,H and φA,H . For simplicity, we shall assume that X
h
A and
XhH are helicity independent; that is, X
−
A = X
+
A = X
0
A and X
−
H = X
+
H = X
0
H .
IV. NUMERICAL RESULTS
The decay amplitude of B → M1M2 with M = V,A has the general expression of
ε∗µM1(λM1)ε
∗ν
M2
(λM2)Mµν with λM1,M2 being the corresponding helicities. Hence, the decay ampli-
tude can be decomposed into three components, one for each helicity of the final state: A0,A+,A−.
The transverse amplitudes defined in the transversity basis are related to the helicity ones via
A‖ =
A+ +A−√
2
, A⊥ = A+ −A−√
2
. (4.1)
The decay rate can be expressed in terms of these amplitudes as
Γ =
pc
8πm2B
(|A0|2 + |A+|2 + |A−|2) = pc
8πm2B
(|AL|2 + |A‖|2 + |A⊥|2), (4.2)
with pc being the c.m. momentum of the final-state meson. Polarization fractions are defined as
fα ≡ Γα
Γ
=
|Aα|2
|A0|2 + |A‖|2 + |A⊥|2
, (4.3)
with α = L, ‖,⊥. The relative phases are
φ⊥ = arg(A⊥/A0), φ‖ = arg(A‖/A0). (4.4)
Note that the experimental results of φ‖ and φ⊥ obtained by BaBar and Belle are for B → φK∗
decays [49, 50, 51]. According to the convention given by BaBar and Belle, |A+| > |A−| and
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φ‖ = φ⊥ = π for B → φK∗ in the absence of final-state interactions. Since our calculations are
for B → φK∗ decays, in Eq. (4.14) below we shall transform BaBar and Belle results from φ‖ to
π − φ‖ and φ⊥ to −φ⊥ so that |A¯+| < |A¯−| in B → φK∗. When strong phases vanish, φ‖ = 0,
φ⊥ = −π for B → φK∗.
A. B → V V decays
The branching ratios and polarization fractions of charmless B → V V decays have been mea-
sured for ρρ, ρω, ρK∗, φK∗, ωK∗ and K∗K¯∗ final states. It is naively expected that the helicity
amplitudes A¯h (helicities h = 0,−,+ ) for B → V V respect the hierarchy pattern
A¯0 : A¯− : A¯+ = 1 :
(
ΛQCD
mb
)
:
(
ΛQCD
mb
)2
. (4.5)
Hence, they are dominated by the longitudinal polarization states and satisfy the scaling law,
namely [11]
1− fL = O
(
m2V
m2B
)
,
f⊥
f‖
= 1 +O
(
mV
mB
)
, (4.6)
with fL, f⊥ and f‖ being the longitudinal, perpendicular, and parallel polarization fractions, re-
spectively. In sharp contrast to the ρρ case, the large fraction of transverse polarization observed
in B → K∗ρ and B → K∗φ decays at B factories (see Table IV below) is thus a surprise and
poses an interesting challenge for any theoretical interpretation. Therefore, in order to obtain a
large transverse polarization in B → K∗ρ,K∗φ, this scaling law must be circumvented in one way
or another. Various mechanisms such as sizable penguin-induced annihilation contributions [11],
final-state interactions [16, 18], form-factor tuning [43] and new physics [9, 12, 44, 45] (where only
the models with large scalar or tensor coupling can explain the observation for f⊥ ≃ f‖ [12, 44])
have been proposed for solving the B → V V polarization puzzle. It has been shown that when
the data for φK∗ and Kη(′) modes are simultaneously taken in into account, the standard model
predictions with weak annihilation corrections can explain the observation, while the new physics
effect due to scalar-type operators is negligible [46].
Before proceeding, we would like to make a few remarks on the polarization anomaly. First,
the hierarchy of helicity amplitudes given by Eq. (4.5) is valid only for factorizable W -emission
amplitudes. It may be violated in the presence of nonfactorizable corrections (e.g. vertex, penguin
and hard spectator scattering contributions) and annihilation contributions. Indeed, we shall show
below that the polarization pattern (4.6) will get modified when nonfactorizable contributions are
included in QCD factorization. We shall see later that the polarization anomaly is not so serious
as originally believed. Second, it is known that the predicted rates for the penguin dominated
B → V P, V V decays in QCD factorization are generally too small by a factor of 2 ∼ 3 compared
to the data. It is obvious that in order to have a reliable calculation for polarization fractions,
it is of great importance to first reproduce the decay rates correctly. Otherwise, the estimation
of fL,‖,⊥ will not be trustworthy. Hence, our first priority is to have a mechanism resolving the
branching ratio puzzle for the penguin dominated charmless B → V V decays and hopefully the
same mechanism also unravels the polarization anomaly.
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1. Tree-dominated decays
Branching ratios and polarization fractions for tree-dominated B → ρρ and ρω are shown
in Table IV. The theoretical errors correspond to the uncertainties due to variation of (i) the
Gegenbauer moments, the decay constants, (ii) the heavy-to-light form factors and the strange quark
mass, and (iii) the wave function of the B meson characterized by the parameter λB , the power
corrections due to weak annihilation and hard spectator interactions described by the parameters
ρA,H , φA,H , respectively. To obtain the errors shown in Tables VII-XI, we first scan randomly the
points in the allowed ranges of the above nine parameters and then add errors in quadrature. More
specifically, the second error in the table is referred to the uncertainties caused by the variation
of ρA,H and φA,H , where all other uncertainties are lumped into the first error. Here we consider
the default results for tree-dominated decays by setting the annihilation parameters to be zero, i.e.
ρA = φA = 0, though the predictions are insensitive to the choice of them.
It is obvious from Table IV that the longitudinal amplitude dominates the tree-dominated decays
except for the ρ0ω mode where the transverse polarization could be equally important. The naive
expectation of fL ≈ 1− 4m2ρ/m2B ≈ 0.92 is experimentally confirmed. The calculated rates are also
in agreement with experiment except that the predicted rate for B− → ρ−ω is slightly high. Its
decay amplitude reads
√
2AhB−→ρ−ω ≈
[
δpu(α
h
2 + β
h
2 ) + 2α
p,h
3 + α
p,h
4 + β
p,h
3
]
X
(Bρ,ω)
h
+
[
δpu(α
h
1 + β
h
2 ) + α
p,h
4 + β
p,h
3
]
X
(Bω,ρ)
h . (4.7)
It is obvious that this decay is dominantly governed by B → ω transition form factors. The data
of B− → ρ−ω and B → K∗ω to be discussed below seem to suggest that B → ω form factors are
slightly smaller than what are expected from the light-cone sum rules [33].
2. Penguin-dominated decays
The decays of interest in this category are B → K∗ρ,K∗φ,K∗ω and K∗K¯∗.
B → K∗ρ
We first consider B¯ → K∗ρ decays. Retaining the leading contributions, their decay amplitudes
are approximated by
A
B−→K
∗0
ρ−
≈ Vc(αc,h4 + βh3 )XhρK¯∗ ,
√
2AB−→K∗−ρ0 ≈
[
Vuα
h
1 + Vc(α
c,h
4 + β
h
3 )
]
XhρK¯∗ +
[
Vuα
h
2 + Vc
3
2
αh3,EW
]
XhK¯∗ρ,
A
B
0
→K∗−ρ+
≈
[
Vuα
h
1 + Vc(α
c,h
4 + β
h
3 )
]
XhρK¯∗ ,
−
√
2A
B
0
→K
∗0
ρ0
≈ Vc(αc,h4 + βh3 )XhρK¯∗ −
[
Vuα
h
2 + Vc
3
2
αh3,EW
]
XhK¯∗ρ, (4.8)
where Vp ≡ VpbV ∗ps with |Vc| ≫ |Vu|, β3 characterizes the penguin-induced weak annihilation (see
Eq. (B1) for definition) and Xh
ρK¯∗
is a shorthand notation for Xh
B¯→ρK¯∗
with its explicit expression
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TABLE IV: CP -averaged branching ratios (in units of 10−6) and polarization fractions for B¯ →
ρρ, ρω,K∗ρ,K∗φ,K∗ω,K∗K¯∗ decays. The annihilation parameters are specified to be ρA = 0.78
and φA = −43◦ for K∗ρ,K∗K¯∗ and ρA = 0.65 and φA = −53◦ for K∗φ and K∗ω by default. For
longitudinal polarization fraction, the theoretical uncertainty is dominated by ρA,H and φA,H , and
hence only this error is listed in the table for fL. Experimental results are taken from [3, 4, 47, 48,
49, 50, 51, 52, 53, 54, 55, 56, 57, 58, 59, 60, 61] and the world averages from [62].
B fL f⊥Decay
Theory Expt Theory Expt Theory Expt
B− → ρ−ρ0 20.0+4.0+2.0−1.9−0.9 18.2± 3.0 0.96+0.02−0.02 0.912+0.044−0.045 0.02 ± 0.01
B
0 → ρ+ρ− 25.5+1.5+2.4−2.6−1.5 24.2+3.1−3.2 0.92+0.01−0.02 0.978+0.025−0.022 0.04+0.01−0.00
B
0 → ρ0ρ0 0.9+1.5+1.1−0.4−0.2 0.68 ± 0.27 0.92+0.06−0.36 0.70 ± 0.15 0.04+0.14−0.03
B− → ρ−ω 19.2+3.3+1.7−1.6−1.0 10.6+2.6−2.3 0.96+0.02−0.02 0.82 ± 0.11 0.02 ± 0.01
B
0 → ρ0ω 0.1+0.1+0.4−0.1−0.0 < 1.5 0.55+0.47−0.29 0.22+0.16−0.23
B− → K¯∗0ρ− a 9.2+1.2+3.6−1.1−5.4 9.2 ± 1.5 0.48+0.52−0.40 0.48 ± 0.08 0.26+0.20−0.26
B− → K∗−ρ0 5.5+0.6+1.3−0.5−2.5 < 6.1 0.67+0.31−0.48 0.96+0.06−0.16 b 0.16+0.24−0.15
B
0 → K∗−ρ+ 8.9+1.1+4.8−1.0−5.5 < 12 0.53+0.45−0.32 0.24+0.16−0.22
B
0 → K¯∗0ρ0 4.6+0.6+3.5−0.5−3.5 5.6 ± 1.6 0.39+0.60−0.31 0.57 ± 0.12 0.30+0.15−0.30
B− → K∗−φ c 10.0+1.4+12.3−1.3− 6.1 10.0± 1.1 0.49+0.51−0.42 0.50 ± 0.05 0.25+0.21−0.25 0.20± 0.05
B
0 → K¯∗0φ 9.5+1.3+11.9−1.2− 5.9 9.5 ± 0.8 0.50+0.50−0.42 0.484 ± 0.034 0.25+0.21−0.25 0.256 ± 0.032
B− → K∗−ω 3.5+0.4+3.0−0.4−1.7 < 3.4 0.66+0.32−0.38 0.17+0.20−0.17
B
0 → K¯∗0ω 3.0+0.5+2.9−0.4−1.8 < 2.7 0.57+0.44−0.46 0.21+0.25−0.22
B− → K∗0K∗− 0.6+0.1+0.3−0.1−0.3 < 71 0.45+0.55−0.38 0.27+0.19−0.27
B
0 → K∗−K∗+ 0.1+0.0+0.1−0.0−0.1 < 141 1 0
B
0 → K∗0K¯∗0 0.6+0.1+0.2−0.1−0.3 1.28+0.37−0.32 0.52+0.48−0.48 0.80+0.12−0.13 0.24+0.24−0.24
aThis mode is employed as an input for extracting the parameters ρA and φA for B → K∗ρ decays.
bA recent BaBar measurement gives fL(K
∗−ρ0) = 0.9± 0.2 [47], but it has only 2.5σ significance.
cThis mode is employed as an input for extracting the parameters ρA and φA for B → K∗φ decays.
shown in Eq. (3.17). The expressions of the flavor parameters αh,pi in terms of the coefficients
ah,pi can be found in Eq. (A1). To proceed, we shall first neglect annihilation completely by
setting β3 = 0. In the absence of NLO nonfactorizable corrections, the parameters α
h,p
i are helicity
independent and hence the hierarchy relation (4.5) for helicity amplitudes is respected as |X0
K¯∗ρ
| :
|X−
K¯∗ρ
| : |X+
K¯∗ρ
| = 1 : 0.26 : 0.03 and |X0
ρK¯∗
| : |X−
ρK¯∗
| : |X+
ρK¯∗
| = 1 : 0.30 : 0.005. When vertex,
penguin and hard spectator corrections are taken into account, we see from Table V that αh2 , α
p,h
4
and αh3,EM for negative helicity differ significantly from that the longitudinal ones. For example,
the real parts of αh2 and α
h
3,EW have opposite signs for h = 0 and h = − . Let us consider two
extreme cases for the longitudinal polarization fraction. From Eq. (4.8) we have
A−
A0
∣∣∣∣∣
B¯0→K¯∗0ρ0
≈

αc,−4 − 32α−3,EW
αc,04 − 32α03,EW



X−K¯∗ρ
X0
K¯∗ρ

 ,
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TABLE V: Longitudinal- and negative-helicity amplitude parameters.
Parameter h = 0 h = − Parameter h = 0 h = −
α1(ρK
∗) 0.96 + 0.01i 1.11 + 0.03i α3,EW(K
∗ρ) −0.009 − 0.000i 0.010 − 0.000i
α2(K
∗ρ) 0.24 − 0.08i −0.16 − 0.16i α4,EW(K∗ρ) −0.002 + 0.001i 0.001 + 0.001i
αu4(ρK
∗) −0.022 − 0.014i −0.048 − 0.016i β3(ρK∗) 0.008 − 0.018i −0.031 + 0.060i
αc4(ρK
∗) −0.030 − 0.010i −0.047 − 0.002i
α3(K
∗φ) 0.005 − 0.001i −0.004 − 0.001i α3,EW(K∗φ) −0.009 − 0.000i 0.002 − 0.000i
αu4(K
∗φ) −0.022 − 0.014i −0.048 − 0.016i αc4(K∗φ) −0.030 − 0.010i −0.046 − 0.002i
β3(K
∗φ) 0.008 − 0.019i −0.028 + 0.053i
A−
A0
∣∣∣∣∣
B−→K∗−ρ0
≈

αc,−4 + 32α−3,EW
αc,04 +
3
2α
0
3,EW



X−K¯∗ρ
X0
K¯∗ρ

 . (4.9)
From Table V we see that the interference between αc,h4 and α
h
3,EW is constructive for h = − and
destructive for h = 0 for the decay B¯0 → K¯∗0ρ0 and the other way around for B− → K∗−ρ0.
As a consequence, A− is comparable to A0 for the former but is highly suppressed relative to A0
for the latter. The longitudinal polarization fraction for the penguin dominated processes can be
approximated as
fL(ρK
∗) ≃ 1−
|αc,−4 + cvαc,−3,EW + β−3 |2
∣∣∣X−ρK∗
∣∣∣2∑
h=0,− |αc,h4 + cvαc,−3,EW + βh3 |2
∣∣∣XhρK∗∣∣∣2
,
fL(K
∗φ) ≃ 1−
|α−3 + αc,−4 + 12αc,−3,EW + β−3 |2
∣∣∣X−K∗φ
∣∣∣2∑
h=0,− |αh3 + αc,h4 + 12αc,−3,EW + βh3 |2
∣∣∣XhK∗φ
∣∣∣2 , (4.10)
where |X−ρK∗/X0ρK∗ |2 ≃ (mK∗/mB)2AB→ρ0 /FB→ρ− ∝ (mK∗/mB)2, cv = 0 for K
∗0
ρ− and K∗−ρ+
modes, cv = 1 for K
∗−ρ0 and cv = −1 for K∗0ρ0 (see Ref. [13] for the definitions of the A0 and
F− form factors). The calculated branching ratios and the longitudinal polarization fractions fL in
QCDF are shown in the case (i) of Table VI. Indeed, we find fL(K¯
∗0ρ0) = 0.46 and fL(K
∗−ρ0) =
0.97. If the coefficients ahi are helicity independent, we will have fL(K¯
∗0ρ0) = 0.91 rather than
0.46 ! However, the NLO corrections to a−i will render the negative helicity amplitude A−(K¯∗0ρ0)
comparable to the longitudinal one A0(K¯∗0ρ0) so that even at the short-distance level, fL for
B
0 → K¯∗0ρ0 can be as low as 50%. Similar detailed discussions for φK∗ modes will be given latter.
Comparing with the data, it appears that even though the naive estimate of fL is too large for
K¯∗0ρ−, the experimental observation of a large fL for K
∗−ρ0 and a small fL for K¯
∗0ρ0 are well
accommodated. However, as stressed before, in order to have a trustworthy estimate of polarization
fractions one has to reproduce the rates correctly as the predicted branching fractions for K¯∗0ρ− and
K¯∗0ρ0 are too small compared to experiment (see Table VI). In the present work, we shall follow
[11] to ascribe the necessary enhancement to a potentially large penguin annihilation characterized
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TABLE VI: CP -averaged branching ratios (in units of 10−6) and the longitudinal polarization
fraction fL for B → K∗ρ and K∗φ decays for three cases: (i) no annihilation contribution, (ii)
adding annihilation contributions with ρA = 0.78, φA = −43◦ for K∗ρ and ρA = 0.65, φA = −53◦
for K∗φ. The predictions by Beneke, Rohrer and Yang [13] are shown in the last two columns.
For simplicity, only the central values are exhibited. The theoretical uncertainties in case (ii) are
shown in Table IV. Experimental results are taken from [3, 47, 48].
Expt (i) (ii) BRY
Decay
B fL B fL B fL B fL
B− → K¯∗0ρ− 9.2± 1.5 0.48 ± 0.08 4.0 0.82 9.2 0.48 5.9 0.56
B− → K∗−ρ0 < 6.1 0.96+0.06−0.16 3.8 0.97 5.5 0.67 4.5 0.84
B
0 → K∗−ρ+ < 12 − 3.8 0.86 8.9 0.53 5.5 0.61
B
0 → K¯∗0ρ0 5.6± 1.6 0.57 ± 0.12 1.1 0.50 4.6 0.39 2.4 0.22
B− → K∗−φ 10.0 ± 1.1 0.50 ± 0.05 4.1 0.62 10.0 0.49 10.1 0.45
B
0 → K¯∗0φ 9.5± 0.8 0.484 ± 0.034 3.8 0.62 9.5 0.50 9.3 0.44
by the parameter β3. We fit the data of B
− → K¯∗0ρ− by adjusting the parameters ρA and φA that
characterize the nonperturbative effects of soft gluon exchanges in annihilation diagrams. From Fig.
1(a) we see that ρA is preferred to be around 0.78 in order to fit the rate, while the corresponding
fL is around 0.48 (see Fig. 1(c)). Only the theoretical uncertainty due to the variation of the phase
φA is considered in Fig. 1. It is clear that the total branching ratio and the longitudinal one BL
increase with ρA, whereas fL decreases slowly with ρA. To fit the rate and fL simultaneously for
B− → K¯∗0ρ−, we find ρA ≈ 0.78 and φA ≈ −43◦. Using this set of parameters, we are able to
predict branching ratios and polarization fractions for other B → K∗ρ decays as exhibited in Table
IV and in case (ii) of Table VI. In the presence of penguin annihilation, the parameter αc,h4 in Eqs.
(4.8) and (4.9) should be replaced by αc,h4 +β
h
3 . From Table V, one can check that both fL(K¯
∗0ρ0)
and fL(K
∗−ρ0) will be decreased when penguin annihilation is turned on.
Within the QCDF framework, Beneke, Rohrer and Yang (BRY) have employed the choice
ρA = 0.6 and φA = −40◦ obtained from a fit to the data ofK∗φ to study K¯∗ρ decays [13]. They have
noticed that the calculated K∗ρ branching fractions are systematically below the measurements.
This is not a surprise as their ρA is smaller than 0.78 [see also Fig. 1(a)], since as emphasized before,
the estimation of polarization fractions will not be reliable unless the calculated partial rate agrees
with experiment and as shown below that K∗φ and K∗ρ data cannot be fitted simultaneously by
two universal parameters ρA and φA. This may be a potential problem for QCDF.
The large longitudinal polarization fraction of B− → K∗−ρ0, fL = 0.96+0.06−0.16, measured by BaBar
[3] seems to be peculiar as a smaller fL of order 0.5 is observed in other K
∗ρ modes such as K¯∗0ρ−
and K¯∗0ρ0. At first sight, it appears that the BRY’s prediction of fL(K
∗−ρ0) = 0.84+0.02+0.16−0.03−0.25 can
account for the BaBar measurement. However, as we note in Appendix D, there are sign errors
in the expressions of the annihilation terms Af,03 and A
i,0
3 (see Eqs. (D2) and (D17), respectively)
by BRY: The signs of the rV2χ terms in these two equations are erroneous in [13]. Because of
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FIG. 1: Predicted branching ratios [(a) and (b) are for the total and longitudinal branching ra-
tios, respectively] and (c) the longitudinal polarization fraction for B− → K¯∗0ρ− as a function of
the parameter ρA. The solid and dashed curves correspond to the central value and the allowed
theoretical uncertainty due to the variation of φA, respectively. The horizontal band represents
experimental values with one sigma errors.
the (incorrect) cancelation between rV1χ and r
V2
χ terms in A
f,0
3 , BRY claimed (wrongly) that the
longitudinal penguin annihilation amplitude β03 is strongly suppressed, while the β
−
3 term receives
sizable penguin annihilation contribution. If a wrong sign for rV2χ terms is used, both rates and
longitudinal polarization fractions will be reduced, especially for the K¯∗0ρ0 mode where fL is
reduced by more than a factor of 2 (see the case (iii) of Table VI). For comparison, BRY’s predictions
are shown in the last two columns of the same table. Using the correct expressions for Af,03 and
Ai,03 , we find that fL(K
∗−ρ0) is reduced to the 70% level and fL(K¯
∗0ρ0) is predicted to be 0.39+0.60−0.31.
The latter agrees with the experimental value fL(K¯
∗0ρ0) = 0.57 ± 0.12 [62]. As explained above,
the corresponding prediction 0.22+0.03+0.53−0.03−0.14 by BRY is too small owing to the incorrect signs in their
Af,03 amplitudes.
In short, we have the pattern (see also [13])
fL(K
∗−ρ0) > fL(K
∗−ρ+) > fL(K¯
∗0ρ−) > fL(K¯
∗0ρ0) (4.11)
for the longitudinal fractions in B → K∗ρ decays. Note that the quoted experimental value
fL(K
∗−ρ0) = 0.96+0.06−0.16 in Tables IV and VI was obtained by BaBar in a previous measurement
where K∗−ρ0 and K∗−f0(980) were not separated [3]. This has been overcome in a recent BaBar
measurement, but the resultant value fL(K
∗−ρ0) = 0.9±0.2 has only 2.5σ significance [47]. At any
rate, it would be important to have a refined measurement of longitudinal polarization fraction for
K∗−ρ0 and K¯∗0ρ0 and a new measurement of fL(K
∗−ρ+) to test the hierarchy pattern (4.11).
B → K∗φ
Experimentally, B → K∗φ decays have been studied with full angular analysis from which
information on final-state interactions can be extracted. Historically, it was the observation of
large transverse polarization in these decays that had triggered the theoretical and experimental
interest in the study of charmless B → V V decays.
Theoretically, B → K∗φ decays can be analyzed in the same manner as the K∗ρ modes. The
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decay amplitude of B− → K∗−φ can be approximated as
AhB−→K∗−φ ≈ Vc(αh3 + αc,h4 + βh3 −
1
2
αh3,EW)X
h
K∗φ. (4.12)
When the penguin annihilation contribution β3 is turned off, we have
A−
A0
∣∣∣∣∣
B−→K∗−φ
≈

α−3 + αc,−4 − 12α−3,EW
α03 + α
c,0
4 − 12α03,EW


(
X−K∗φ
X0K∗φ
)
. (4.13)
From the amplitude parameters given in Table V, it is clear that there exists a constructive (destruc-
tive) interference in theA− (A0) amplitude. As a consequence, although the factorizable amplitudes
respect the hierarchy |X0K∗φ| : |X−K∗φ| : |X+K∗φ| = 1 : 0.35 : 0.007 due to the (V − A) structure of
weak interactions and helicity conservation in strong interactions, the negative- and longitudinal-
helicity amplitudes are comparable in magnitude. Numerically, we indeed find fL = 0.62 and
f‖ ∼ f⊥ = 0.19 (see Table VI). This is very similar to the decay B0 → K¯∗0ρ0 where fL is also
found to be small, of order 0.50 . Experimentally, the naive expectation of fL ≈ 1−4mV /m2B ∼ 0.90
is strongly violated in charmless penguin-dominated V V modes. Nevertheless, a small fL for K
∗φ
is quite natural in QCD factorization because the parameters ahi are helicity dependent. The fact
that real parts of α3 and α3,EW flip signs from h = 0 to h = − and that αh4 is smaller in magnitude
for the longitudinal amplitude (see Table V) will render the negative helicity amplitude comparable
to the longitudinal one.
Even though the longitudinal polarization fraction is reduced to 60% level in the absence of
penguin annihilation, this does not mean that the polarization anomaly is resolved. As stated
before, irrespective of the predictions for polarization fractions, the first task we need to focus
on is to reproduce the correct rate for B → K∗φ because the calculated branching ratio of order
4.1× 10−6 is too small by a factor of ∼ 2.5 compared to the measured one, ∼ 10× 10−6 (cf. Table
IV). Assuming weak annihilation to account for the discrepancy between theory and experiment,
we can fit the data of branching ratios and fL simultaneously by adjusting the parameters ρA
and φA. However, this also means that QCDF loses its predictive power in this manner. We find
that the rate and fL can be accommodated by having ρA ≈ 0.65 and φA ≈ −53◦. This set of
the annihilation parameters differs slightly from that extracted from B → K∗ρ decays, namely,
ρA(K
∗ρ) ≈ 0.78 and φA(K∗ρ) ≈ −43◦. Therefore, within the framework of QCDF, one cannot
account for all charmless B → V V data by a universal set of ρA and φA parameters. This could
be an indiction that large penguin annihilation cannot be the ultimate story for understanding
B → V V decays.
Since the complete angular analysis of B → K¯∗φ has been performed by both BaBar and
Belle, information on the parallel and perpendicular polarizations and their phases relative to the
longitudinal one is available. We see from Table IV that f⊥ and f‖ are very similar, of order 0.25.
Experimentally, the phases φ‖ and φ⊥ deviate from either π or zero by more than 4.6σ and 3.3σ
for K∗−φ and 5.5σ for K¯∗0φ [62]. This implies the presence of final-state interactions. The relative
phases are calculated to be
φ‖(K
∗−φ) = (80+43−83)
◦ (expt : (46 ± 10)◦),
φ‖(K¯
∗0φ) = (78+43−81)
◦ (expt : (44+8−7)
◦), (4.14)
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and φ‖(K
∗−φ)− φ⊥(K∗−φ)− π = φ‖(K¯∗0φ)− φ⊥(K¯∗0φ)− π ≈ 0.7◦. They are consistent with the
data.
Thus far we have chosen the renormalization scale to be µ = mb(mb) in calculations. We now
address the issue with µ. In principle, physics should be independent of the choice of µ, but in
practice there exists some residual µ dependence in the truncated calculations. We have checked
explicitly that the decay rates without annihilation are indeed essentially stable against µ. How-
ever, when penguin annihilation is turned on, it is sensitive to the choice of the renormalization
scale because the penguin annihilation contribution characterized by the parameter b3 is domi-
nantly proportional to αs(µh)c6(µh) at the hard-collinear scale µh =
√
µΛh. For the hadronic
scale Λh ≈ 500 MeV, we have µh ≈ 1.45 GeV and 1 GeV for µ = 4.2 GeV and 2.1 GeV, re-
spectively. At the amplitude level, the enhancement of penguin annihilation at µ = 2.1 GeV is of
order αs(1)c6(1)/[αs(1.45)c6(1.45)] ∼ 1.8. We find that if the renormalization scale is chosen to
be µ = mb(mb)/2 = 2.1 GeV, we cannot fit the branching ratios and polarization fractions simul-
taneously for both B → K∗φ and B → K∗ρ decays. For example, the rate of the former can be
accommodated with ρA ∼ 0.25, but the corresponding fL ∼ 0.28 is too small. Likewise, although
B(B− → K¯∗0ρ−) can be fitted well with ρA ∼ 0.55, the resultant fL <∼ 0.12 is highly suppressed.
This is ascribed to the fact that at the scale µ = 2.1 GeV, the negative-helicity amplitude receives
much more enhancement than the longitudinal one and hence the longitudinal polarization is sup-
pressed at the small µ scale. In order to ensure the validity of the penguin-annihilation mechanism
for describing B → V V decays, we will confine ourselves to the renormalization scale µ = mb(mb)
in the ensuing study.
B → K∗ω
The decay amplitudes for B → K∗ω read
√
2AB−→K∗−ω ≈
[
Vuα
h
1 + Vc(α
c,h
4 + β
h
3 )
]
XhωK¯∗ +
[
Vuα
h
2 + Vc(2α
h
3 +
1
2
αh3,EW)
]
XhK¯∗ω,
√
2AB¯0→K¯∗0ω ≈
[
Vc(α
c,h
4 + β
h
3 )
]
XhωK¯∗ +
[
Vuα
h
2 + Vc(2α
h
3 +
1
2
αh3,EW)
]
XhK¯∗ω. (4.15)
From the previous analysis of K∗ρ and K∗φ decays, we found two distinct sets of the penguin
annihilation parameters ρA and φA. If the set of parameters inferred from B → K∗ρ decays,
namely, ρA = 0.78 and φA = −43◦, is employed, we obtain B(B− → K∗−ω) ≈ 4.5 × 10−6 and
B(B0 → K¯∗0ω) ≈ 3.9 × 10−6, which are slightly higher than the respective experimental upper
limits, 3.4× 10−6 and 2.7× 10−6 [58, 61]. By contrast, if the parameters ρA = 0.65 and φA = −53◦
extracted from K∗φ modes are used, the resultant predictions B(B− → K∗−ω) ≈ 3.5 × 10−6 and
B(B0 → K¯∗0ω) ≈ 3.0×10−6 are consistent with experiment (see Table IV). Of course, if the B → ω
form factors are smaller than what we expected as implied by the measurement of B− → ρ−ω,
then B(B → K∗ω) will be safely below the current bounds.
B → K∗K¯∗
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The expressions of B → K∗K¯∗ decay amplitudes read
AB−→K∗0K∗− =
GF√
2
∑
p=u,c
λ(d)p
[
δpuβ2 + α
p
4 −
1
2
αp4,EW + β
p
3 + β
p
3,EW
]
X(BK¯
∗,K∗),
A
B
0
→K∗−K∗+
=
GF√
2
∑
p=u,c
λ(d)p
{[
δpuβ1 + β
p
4 + β
p
4,EW
]
X(BK¯
∗,K∗) + fBf
2
K∗
[
bp4 −
1
2
bp4,EW
]
K∗K¯∗
}
,
A
B
0
→K¯∗0K∗0
=
GF√
2
∑
p=u,c
λ(d)p
{[
αp4 −
1
2
αp4,EW + β
p
3 + β
p
4 −
1
2
βp3,EW −
1
2
βp4,EW
]
X(BK¯
∗,K∗)
+ fBf
2
K∗
[
bp4 −
1
2
bp4,EW
]
K∗K¯∗
}
. (4.16)
Both B
0 → K¯∗0K∗0 and B− → K∗0K∗− are b → d penguin-dominated decays, while B0 →
K∗−K∗+ proceeds only through weak annihilation. Hence, their branching ratios are expected
to be small, of order <∼ 10−6. Recently, the K¯∗0K∗0 mode was first measured by BaBar with
the branching ratio (1.28+0.37−0.32) × 10−6 [59]. Our prediction is slightly smaller, about 1σ away
from the BaBar measurement (Table IV). The absence of transverse polarization in the K∗−K∗+
mode is due to the approximation we have adapted; that is, we have neglected the transverse
annihilation contributions A±1,2 relative to other terms. Hence, transverse polarization does not
receive contributions from the annihilation terms b±1 , b
±
2 , b
±
4 , b
±
4,EW within our approximation [see
Eq. (3.28)].
Comparison with other works
Within the framework of QCD factorization, we have studied charmless B → V V decays closely
to the works of Kagan [11] and Beneke, Rohrer and Yang (BRY) [13]. Nevertheless, there are some
differences between our work and theirs as we are going to discuss below.
Without penguin annihilation, Kagan found fL ≈ 0.90 for the K¯∗0φ mode, while BRY got
fL ≈ 0.67 and we obtained fL ≈ 0.62. Kagan did not consider vertex corrections and hard spectator
interactions in his realistic calculations of ap,hi , though he has discussed the latter briefly. It seems
to us that ahi are essentially helicity independent in the Kagan’s calculation and this accounts for
the difference in the estimation of fL. Moreover, what is the initial value of fL in the absence of
penguin annihilation is immaterial because we will use the unknown annihilation parameters to
accommodate the data of branching ratios and fL rather than to predict them.
We differ from BRY mainly for using different ρA and φA parameters for describing B → K∗ρ
decays. If we follow BRY to use the set of ρA and φA parameters extracted from B → K∗φ decays
to describe K∗ρ modes, the rates for the latter will be systematically below the measurements.
Since it is necessary to reproduce the measured rates first in order to have a reliable estimate of
polarization fractions, we need to fit the K∗ρ data separately. The resultant ρA and φA parameters
differ from the ones determined from K∗φ modes. This can be viewed as a potential problem of
QCDF.
In the pQCD approach, the calculated branching ratio of B → K¯∗φ is too large, of order 15×10−6
and fL ∼ 0.75 [14]. It has been proposed in [43] that a smaller form factor ABK∗0 (0) ≈ 0.30 will
bring down both the rates and fL and bring up f‖ and f⊥. While this sounds plausible, the NLO
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corrections to helicity-dependent coefficients ahi should be taken into account in this approach as
we have demonstrated that NLO corrections to a−i and a
0
i will bring down fL significantly. It is also
important to compute the rates and polarization fractions for B → K¯∗ρ decays in this framework
and compare with experiment.
Another plausible solution is to consider the long-distance rescattering contributions from some
charm intermediate states such as D(∗)D
(∗)
s [16, 17, 18]. The idea is simple: First, B → D∗D∗s
decays are CKM favored and hence final-state interactions via charm intermediate states will bring
up the K∗φ rates. This is welcome since the short-distance predictions of the branching fractions
for penguin-dominated B → V V modes in most of the models under consideration are too small
compared to experiment. Second, large transverse polarization induced from B → D∗D∗s will be
propagated to φK∗ via final-state rescattering. The unknown parameter in the model for final-state
rescattering is fixed by the measured rate [18]. However, this approach has one drawback. That
is, while the longitudinal polarization fraction can be reduced significantly from short-distance
predictions due to final-state interaction effects, no sizable perpendicular polarization f⊥ is found
owing mainly to the large cancelations occurring in the processes B → D∗sD → φK∗ and B →
DsD
∗ → φK∗ and this can be understood as a consequence of CP and SU(3) symmetry [18]. That
is, final-state rescattering leads to the suppression of fT (= f⊥+ f‖) at the expense of f‖ ≫ f⊥. As
pointed out in [18], one possibility to circumvent the aforementioned cancelation is to consider the
contributions from the even-parity charmed meson intermediate states. In view of the fact that
even at the short-distance level, fL can be as small as 40% to 70% after NLO corrections to effective
Wilson coefficients are taken into account, it is worth re-examining this type of solution again.
In soft-collinear effective theory (SCET) [15], large transverse polarization in penguin-dominated
V V modes may arise from the long-distance charming penguin contribution. Indeed, the aforemen-
tioned mechanism of final-state rescattering of charm intermediate states mimics the charming
penguin in SCET, while both QCDF and pQCD approaches rely on penguin annihilation to resolve
the polarization anomaly.2
B. B → V A decays
The calculated branching ratios and longitudinal polarization frac-
tions for the decays B → Aρ, AK∗, Aω, Aφ with A =
a1(1260), b1(1235),K1(1270),K1(1400), f1(1285), f1(1420), h1(1170), h1(1380) are collected in
Tables VII-IX.
1. B → a1V, b1V decays
The decays B
0 → (a+1 , b+1 )(ρ−, π−) are governed by the decay constants of the ρ and π, re-
spectively. Since fρ ≫ fpi, we thus expect to have B(B0 → a+1 ρ−) ≫ B(B0 → a+1 π−) and
2 Ways of distinguishing penguin annihilation from rescattering have been recently proposed in [63].
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B(B0 → b+1 ρ−) ≫ B(B0 → b+1 π−) ∼ 10 × 10−6. These features are borne out in our realistic
calculations (see Table VII). Caldero´n, Mun˜oz and Vera (CMV) [21] found the other way around:
(a+1 , b
+
1 )ρ
− modes have rates smaller than (a+1 , b
+
1 )π
− ones, which we strongly disagree. Since the
modes (a−1 , b
−
1 )(ρ
+, π+) are governed by fa1 and fb1 , respectively, and since fa1 ∼ fρ and fb1 is very
small (vanishing for the neutral b1), we anticipate that a
−
1 ρ
+ and a−1 π
+ have comparable rates and
the b−1 ρ
+ mode is highly suppressed relative to the b+1 ρ
− one. 3 The decays (a−1 , b
−
1 )ρ
0 receive both
color-allowed and color-suppressed contributions:
AB−→a−1 ρ0 ∝ (a
h
1 + · · ·)X(B¯ρ,a1)h + (ah2 + · · ·)X(B¯a1,ρ)h ,
AB−→b−1 ρ0 ∝ (a
h
1 + · · ·)X(B¯ρ,b1)h + (ah2 + · · ·)X(B¯b1,ρ)h , (4.17)
where X(B¯M1,M2) is the factorizable amplitude defined by Eq. (3.16). Since the color-allowed
amplitude of the b−1 ρ
0 mode is highly suppressed by the smallness of the b1 decay constant and
the color-suppressed amplitude is suppressed by the small ratio of a2/a1, it is clear that B(B− →
a−1 ρ
0) ≫ B(B− → b−1 ρ0). The decays (a−1 , b−1 )ω should have rates similar to (a−1 , b−1 )ρ0. So far
there is only one experimental measurement of B → V A decays, namely, B0 → a±1 ρ∓ with the
result [64]
B(B0 → a±1 ρ∓)B(a±1 → (3π)±) < 61× 10−6. (4.18)
Assuming that a±1 decays exclusively to ρ
0π±, we then have the upper limit of 61 × 10−6 for the
branching ratio of B0 → a±1 ρ∓. Our prediction B(B0 → a±1 ρ∓) ≈ 59× 10−6 is thus consistent with
experiment.
To discuss the effect of the annihilation contribution, let us take the penguin-dominated decays
B
0 → (a+1 , b+1 )K∗− as an example. From Eq. (A3) of [1] we have
AB¯0→a+1 K∗− ∝ (α
c
4 + α
c
4,EW)X
(B¯a1,K∗) + ifBfa1fK∗(b
c
3 −
1
2
bc3,EW)a1K∗ ,
AB¯0→b+1 K∗− ∝ (α
c
4 + α
c
4,EW)X
(B¯b1,K∗) + ifBf
⊥
b1fK∗(b
c
3 −
1
2
bc3,EW)b1K∗ , (4.19)
where we have replaced the decay constant fb1 by f
⊥
b1
as explained before (see the paragraph after
Eq. (2.52)). From penguin-dominated B → V V decays we learn that the predicted rates in default
are typically too small by a factor of 2 ∼ 3. In the absence of the experimental information for
penguin-dominated B → V A decays, we shall use the penguin-annihilation parameters ρA = 0.65
and φA = −53◦ inferred from B → K∗φ decays as a guidance for annihilation enhancement.
Since the magnitude of b3 is large for the b1K
∗ modes (specifically, b03(b1K
∗) = −1.78 + 9.92i and
b03(a1K
∗) = −0.19+4.11i), B → b1K∗ decays receive more enhancement from penguin annihilation
than B → a1K∗ ones. When penguin annihilation is turned off, we have, for example,
B(B0 → a+1 K∗−) = (3.6+1.6+0.5−1.3−0.1)× 10−6, B(B0 → b+1 K∗−) = (4.1+2.3+0.3−2.0−0.3)× 10−6,
B(B− → a−1 K¯∗0) = (4.1+2.0+1.7−1.6−0.1)× 10−6, B(B− → b−1 K¯∗0) = (4.0+2.0+0.7−2.5−0.6)× 10−6. (4.20)
3 As explained in [1], within the QCD factorization approach, the suppression of b−1 (π
+, ρ+) modes is not
directly related to the smallness of the b1 decay constant, but is ascribed to the tiny coefficient a1. However,
the smallness of a1 has to do with the decay constant suppression. For more details, see [1].
33
TABLE VII: Branching ratios (in units of 10−6) and the longitudinal polarization fraction (in
parentheses) for the decays B → (a1, b1)(ρ, ω, φ, K∗) with a1 = a1(1260) and b1 = b1(1235).
The theoretical errors correspond to the uncertainties due to variation of (i) Gegenbauer moments,
decay constants, quark masses, form factors, the λB parameter for the B meson wave function, and
(ii) ρA,H , φA,H , respectively. For longitudinal polarization fractions, we add all errors in quadrature
as the theoretical uncertainty is usually dominated by (ii). Default results are for ρA = 0.65 and
φA = −53◦. We use the light-cone sum rule results for the B → a1 and B → b1 transition form
factors (see Table II). The model predictions by Caldero´n, Mun˜oz and Vera (CMV) [21] are also
displayed here for comparison.
Mode This work CMV Mode This work CMV
B
0 → a+1 ρ− 23.9+10.5+3.2− 9.2−0.4(0.82+0.05−0.13) 4.3 B0 → b+1 ρ− 32.1+16.5+12.0−14.7− 4.6(0.96+0.01−0.02) 1.6
B
0 → a−1 ρ+ 36.0+3.5+3.5−4.0−0.7 (0.84+0.02−0.06) 4.7 B0 → b−1 ρ+ 0.6+0.6+1.9−0.3−0.2 (0.98+0.00−0.33) 0.55
B
0 → a01ρ0 1.2+2.0+5.1−0.7−0.3 (0.82+0.06−0.68) 0.01 B0 → b01ρ0 3.2+5.2+1.7−2.0−0.4 (0.99+0.00−0.18) 0.002
B− → a01ρ− 17.8+10.1+3.1− 6.4−0.2(0.91+0.03−0.10) 2.4 B− → b01ρ− 29.1+16.2+5.4−10.6−5.9 (0.96+0.01−0.06) 0.86
B− → a−1 ρ0 23.2+3.6+4.8−2.9−0.1 (0.89+0.11−0.18) 3.0 B− → b−1 ρ0 0.9+1.7+2.6−0.6−0.5 (0.90+0.05−0.38) 0.36
B
0 → a01ω 0.2+0.1+0.4−0.1−0.0 (0.75+0.11−0.65) 0.003 B0 → b01ω 0.1+0.2+1.6−0.0−0.0 (0.04+0.96−0.00) 0.004
B− → a−1 ω 22.5+3.4+3.0−2.7−0.7 (0.88+0.10−0.14) 2.2 B− → b−1 ω 0.8+1.4+3.1−0.5−0.3 (0.91+0.07−0.33) 0.38
B
0 → a01φ 0.002+0.002+0.009−0.001−0.000 (0.94+0.00−0.69) 0.0005 B0 → b01φ 0.01+0.01+0.01−0.00−0.00 (0.98+0.01−0.33) 0.0002
B− → a−1 φ 0.01+0.01+0.04−0.00−0.00 (0.94+0.01−0.69) 0.001 B− → b−1 φ 0.02+0.02+0.03−0.01−0.00 (0.98+0.01−0.33) 0.0004
B
0 → a+1 K∗− 10.6+5.7+31.7−4.0− 8.1(0.37+0.39−0.29) 0.92 B0 → b+1 K∗− 12.5+4.7+20.1−3.7− 9.0 (0.82+0.18−0.41) 0.32
B
0 → a01K∗0 4.2+2.8+15.5−1.9−4.2 (0.23+0.45−0.19) 0.64 B0 → b01K∗0 6.4+2.4+8.8−1.7−4.8 (0.79+0.21−0.73) 0.15
B− → a−1 K∗0 11.2+6.1+31.9−4.4− 9.0(0.37+0.48−0.37) 0.51 B− → b−1 K∗0 12.8+5.0+20.1−3.8− 9.6 (0.79+0.21−0.74) 0.18
B− → a01K∗− 7.8+3.2+16.3−2.5− 4.3(0.52+0.41−0.42) 0.86 B− → b01K∗− 7.0+2.6+12.0−2.0− 4.8 (0.82+0.16−0.26) 0.12
We see from Table VII that a1K
∗ and b1K
∗ modes are substantially enhanced by penguin annihi-
lation. Experimentally, it is thus very important to measure them to test the importance of the
penguin annihilation mechanism.
We have checked explicitly that, in the absence of penguin annihilation, the longitudinal polar-
ization fractions are close to one half in a1K
∗ modes and 90% in b1K
∗ ones. This can be seen from
the ratio of the negative- and longitudinal-helicity amplitudes
A−
A0
∣∣∣∣∣
B¯→a+1 K
∗−
≈

αc,−4 + α−4,EW
αc,04 + α
0
4,EW



X−B¯a1,K∗
X0
B¯a1,K∗

 . (4.21)
As discussed in the section of B → V V decays, the interference between αc,h4 and αh4,EW is generally
constructive for h = − and destructive for h = 0. Since |X0
B¯a1,K∗
| : |X−
B¯a1,K∗
| : |X+
B¯a1,K∗
| = 1 :
0.50 : 0.06, and |X0
B¯b1,K∗
| : |X−
B¯b1,K∗
| : |X+
B¯b1,K∗
| = 1 : 0.21 : 0.03, it is obvious that the A−
amplitude of a1K
∗ channels has more chance to be comparable to A0 than the b1K∗ ones. When
penguin annihilation is turned on, it is evident from Table VII that a1K
∗ modes are dominated by
transverse polarization amplitudes, whereas b1K
∗ are governed by longitudinal polarization states.
The decays B → (a1, b1)φ are highly suppressed relative to the tree-dominated (a1, b1)ρ modes
as they proceed through b → d penguin process and are thus suppressed by the small coefficients
for penguin operators. Moreover, they do not receive any annihilation contribution!
On the experimental ground, our calculations suggest that the tree-dominated channels a+1 ρ
−,
a−1 ρ
−, a01ρ
−, a−1 ρ
0, a−1 ω, b
+
1 ρ
− and b01ρ
− should be readily accessible to B factories. Measurements
of the penguin-dominated modes a1K
∗ and b1K
∗ are crucial for testing the mechanism of penguin
annihilation.
2. B → K1(1270)V, K1(1400)V decays
To obtain the branching ratios and fL listed in Table VIII for B → K1V decays, we have used
the light-cone sum rule results for the B → K1A and B → K1B form factors given in Table II. The
decays B → K1φ have been considered in [20] based on the generalized factorization framework
where nonfactorizable effects are lumped into N effc , the effective number of colors. It is interesting
to note that the results of [20] for B → K1(1270)φ are similar to ours when N effc is close to 5, but
the predicted rates for K1(1400)φ are smaller than ours irrespective of the value of N
eff
c . From Eqs.
(B10) and (B11) we have the decay amplitudes given by
Ah
B−→K−1 (1270)φ
∝ [αc3 + αc4 + βc3]X(B¯K1(1270),φ)h
∝ [αc3 + αc4 + βc3]K1AφF
BK1A sin θK1 + [α
c
3 + α
c
4 + β
c
3]K1BφF
BK1B cos θK1 ,
Ah
B−→K−1 (1400)φ
∝ [αc3 + αc4 + βc3]X(B¯K1(1400),φ)h (4.22)
∝ [αc3 + αc4 + βc3]K1AφF
BK1A cos θK1 − [αc3 + αc4 + βc3]K1BφF
BK1B sin θK1 ,
where FBK1A denotes generic form factors for the B → K1A transition and likewise for FBK1B . In
our convention, form factors FBK1A and FBK1B have opposite signs (see Table II). Since the mixing
angle θK1 is negative, it follows that the two amplitudes in Eq. (4.22) contribute constructively
to B− → K1(1270)−φ and destructively to B− → K1(1400)−φ. Hence, it is naively expected
that the former has a rate larger than the latter. Indeed, when the penguin annihilation (β3) is
turned off, we find B(B− → K1(1270)−φ) ≈ 3.2 × 10−6 ≫ B(B− → K1(1400)−φ) ≈ 3.1 × 10−7.
However, this feature is dramatically changed in the presence of weak annihilation with ρA = 0.65
and φA = −53◦. Since β3(K1Aφ) and β3(K1Bφ) are opposite in sign, the interference becomes
destructive in B− → K1(1270)−φ and constructive in B− → K1(1400)−φ. This explains why we
have B(B− → K1(1270)−φ) < B(B− → K1(1400)−φ) in Table VIII. If this relation is not borne
out by experiment, this will indicate that the parameter ρA and hence weak annihilation are small.
The decays B → K1(1270)ρ have rates larger than that of B → K1(1400)ρ and this can be
understood as follows. Their decay amplitudes have the expressions, for example,
Ah
B
0
→K−1 (1270)ρ
+
∝ [αc4 + βc3]X(B¯ρ,K1(1270))h
∝ [αc4 + βc3]ρK1AfK1A sin θK1 + [α
c
4 + β
c
3]ρK1B f
⊥
K1B
cos θK1 ,
Ah
B
0
→K−1 (1400)ρ
+
∝ [αc4 + βc3]X(B¯ρ,K1(1400))h
∝ [αc4 + βc3]ρK1AfK1A cos θK1 − [α
c
4 + β
c
3]ρK1B fK⊥1B
sin θK1 . (4.23)
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TABLE VIII: Same as Table VII except for b → s penguin-dominated decays (top) B →
K1(ρ,K
∗, ω) and b → d penguin-dominated ones (bottom) B → K1K¯∗ for two different mixing
angles θK1 = −37◦ and −58◦. Default results are for ρA = 0.65 and φA = −53◦.
θK1 = −37◦ θK1 = −58◦Decay
B fL B fL
B
0 → K−1 (1270)ρ+ 16.8+9.8+54.7−6.8−13.8 0.57+0.39−0.30 19.4+12.1+47.6− 8.5−14.8 0.49+0.48−0.36
B
0 → K01(1270)ρ0 9.1+5.3+34.2−3.5− 8.6 0.50+0.39−0.37 9.8+6.0+30.4−4.1− 8.0 0.40+0.49−0.30
B− → K01(1270)ρ− 17.0+10.7+53.0− 7.3−15.3 0.52+0.47−0.36 20.1+12.5+48.5− 8.9−15.2 0.47+0.51−0.46
B− → K−1 (1270)ρ0 8.2+5.0+20.4−3.7− 6.1 0.56+0.39−0.34 10.3+5.9+19.1−4.5− 6.7 0.56+0.41−0.37
B
0 → K01(1270)ω 7.3+4.7+24.0−3.1− 7.5 0.59+0.39−0.32 8.2+5.3+21.5−3.7− 7.4 0.48+0.50−0.47
B− → K−1 (1270)ω 7.4+4.7+22.6−3.2− 6.9 0.56+0.41−0.22 8.7+5.4+20.6−3.7− 7.1 0.52+0.46−0.34
B
0 → K01(1270)φ 3.6+1.7+4.8−1.3−2.9 0.67+0.33−0.64 3.2+2.1+5.2−1.4−2.7 0.31+0.69−0.31
B− → K−1 (1270)φ 3.8+1.9+5.1−1.5−3.1 0.67+0.33−0.64 3.4+2.2+5.5−1.5−2.8 0.31+0.69−0.37
B
0 → K−1 (1400)ρ+ 8.6+2.8+13.0−2.3− 4.3 0.64+0.30−0.23 5.7+1.2+17.5−1.0− 4.7 0.87+0.09−0.43
B
0 → K01(1400)ρ0 11.4+3.2+15.5−2.8− 5.8 0.65+0.32−0.21 9.8+2.1+22.4−2.0− 8.0 0.90+0.07−0.28
B− → K01(1400)ρ− 10.9+2.6+15.2−3.1− 5.4 0.65+0.33−0.26 7.5+2.06+19.4−1.6− 6.0 0.85+0.11−0.44
B− → K−1 (1400)ρ0 3.8+1.3+6.4−1.1−1.9 0.61+0.32−0.22 1.5+0.7+7.7−0.3−1.0 0.70+0.24−0.48
B
0 → K01(1400)ω 5.6+2.8+6.8−2.2−2.5 0.72+0.31−0.36 4.6+2.8+9.5−1.7−3.5 0.90+0.07−0.28
B− → K−1 (1400)ω 4.5+1.8+6.0−1.4−2.1 0.68+0.32−0.32 3.1+1.3+8.1−0.8−2.4 0.87+0.09−0.40
B
0 → K01(1400)φ 10.4+7.9+38.3−5.1−10.4 0.46+0.26−0.02 10.7+7.1+37.69−4.6−10.4 0.57+0.31−0.22
B− → K−1 (1400)φ 11.1+8.5+41.1−5.4−11.4 0.45+0.13−0.09 11.3+7.5+40.2−4.9−11.1 0.57+0.32−0.22
B
0 → K−1 (1270)K∗+ 0.01+0.01+0.03−0.01−0.00 1.0 0.00+0.00+0.01−0.00−0.00 1.0
B
0 → K+1 (1270)K∗− 0.06+0.03+1.43−0.02−0.02 1.0 0.06+0.02+0.91−0.02−0.00 1.0
B
0 → K−1 (1400)K∗+ 0.08+0.04+0.28−0.03−0.00 1.0 0.09+0.05+0.30−0.03−0.00 1.0
B
0 → K+1 (1400)K∗− 0.00+0.00+0.20−0.00−0.00 1.0 0.00+0.01+0.69−0.00−0.00 1.0
B
0 → K01(1270)K∗0 0.40+0.25+0.65−0.26−0.35 0.86+0.08−0.25 0.29+0.19+0.41−0.20−0.07 0.84+0.16−0.59
B
0 → K01 (1270)K∗0 0.09+0.04+3.52−0.03−0.00 0.34+0.62−0.24 0.25+0.09+3.53−0.08−0.00 0.52+0.44−0.52
B− → K01 (1270)K∗− 0.05+0.04+2.21−0.02−0.00 0.33+0.58−0.06 0.13+0.04+2.00−0.05−0.00 0.54+0.38−0.49
B− → K−1 (1270)K∗0 0.19+0.13+0.28−0.13−0.15 0.84+0.07−0.30 0.15+0.10+0.20−0.10−0.03 0.80+0.08−0.62
B
0 → K01(1400)K∗0 0.01+0.01+3.41−0.01−0.00 0.97+0.00−0.97 0.08+0.05+3.01−0.06−0.01 0.89+0.06−0.79
B
0 → K01 (1400)K∗0 0.51+0.08+1.30−0.11−0.29 0.71+0.28−0.29 0.36+0.08+1.60−0.01−0.30 0.85+0.11−0.54
B− → K01 (1400)K∗− 0.28+0.04+0.53−0.06−0.14 0.77+0.20−0.34 0.19+0.04+0.73−0.04−0.10 0.85+0.12−0.18
B− → K−1 (1400)K∗0 0.01+0.00+2.00−0.01−0.00 0.93+0.00−0.72 0.05+0.03+1.77−0.04−0.01 0.92+0.05−0.67
Just as the case for B → K1φ decays, the interference is constructive (destructive) in K−1 (1270)ρ+
and destructive (constructive) in K−1 (1400)ρ
+ in the presence (absence) of weak annihilation with
ρA = 0.65 and φA = −53◦. This explains why the rates of the former are larger than the lat-
ter, especially for θK1 = −58◦, in Table VIII. Hence, measurements of the relative rates of
K1(1270)ρ and K1(1400)ρ will enable us to see the role played by the weak annihilation effect.
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If B(B → K1(1270)ρ) < B(B → K1(1400)ρ) is observed, this will hint at the smallness of weak
annihilation. The reader may notice that the decay modes involving K1(1270) and K1(1400) al-
ways have opposite dependence on the mixing angle θK1 . For example, K
−
1 (1270)ρ
+ gets enhanced
whereas K−1 (1400)ρ
+ is suppressed when θK1 is changed from −37◦ to −58◦.
Decay rates of B → K1(1270)K∗ and K1(1400)K∗ are generally small because they proceed
through b → d penguin diagrams and are suppressed by the smallness of the penguin Wilson
coefficients. Their branching ratios are of order 10−7 − 10−8. The decay modes K−1 K∗+ and
K+1 K
∗− are of particular interest as they are the only AV modes which receive contributions
solely from weak annihilation. Just as the decay B
0 → K∗+K∗− discussed before, the absence of
transverse polarization in the K−1 K
∗+ and K+1 K
∗− modes is due to the fact that the annihilation
terms b±1 , b
±
2 , b
±
4 , b
±
4,EW vanish under our approximation.
From Table VIII, it is clear that the channels K−1 ρ
+, K¯01ρ
− for K1 = K1(1270) and K1(1400)
have sizable rates and the experimental search of them would be encouraging.
3. B → f1V, h1V decays
Results for the decays B → (f1, h1)(ρ, ω,K∗, φ) with f1 = f1(1285), f1(1420) and h1 =
h1(1170), h1(1380) for two distinct sets of the mixing angles θ3P1 and θ1P1 are summarized in
Table IX. Among tree-dominated decays, the channels h1(1380)ρ
− for θ1P1 = 0
◦, f1(1285)ρ
− and
h1(1170)ρ
− have branching ratios of order 10−5 as they receive color-allowed tree contributions.
Many of the penguin-dominated modes e.g. f1(1420)K
∗ have branching ratios in the range of
(5 ∼ 15)× 10−6. It is of interest to notice that the decays involving h1(1380) in the final state have
a sharp dependence of the rates on the mixing angle θ1P1 .
C. B → AA decays
For the axial vector mesons a1(1260), b1(1235), f1(1285), f1(1420), h1(1170), h1(1380) and
K1(1270),K1(1400), there exist many possible B → AA two-body decay channels. We will classify
them into tree- and penguin-dominated decays. The latter involves the strange axial-vector meson
K1.
1. Tree-dominated decays
The decay amplitudes for some of tree-dominated B → AA decays are shown in Appendix B.
Since the decay constant of the b1 is either vanishing or very small, it is anticipated that b1b1
channels are highly suppressed relative to a1a1. Some of a1b1 decays are comparable to a1a1. We
find that a+1 a
−
1 and a
−
1 a
0
1 modes have rates larger than the corresponding ρ
+ρ− and ρ−ρ0 ones,
but a01a
0
1 is very similar to ρ
0ρ0. While a+1 a
−
1 , a
−
1 a
0
1, a
−
1 b
+
1 and a
−
1 b
0
1 modes have branching ratios
of order (20 ∼ 40) × 10−6, the other channels are suppressed by the smallness of either fb1 or the
coefficient a2.
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TABLE IX: Same as Table VII except for the decays B → (f1, h1)(ρ, ω,K∗, φ) with f1 =
f1(1285), f1(1420) and h1 = h1(1170), h1(1380). We use two different sets of mixing angles: (i)
θ3P1 = 27.9
◦ and θ1P1 = 25.2
◦ (in first entry), corresponding to θK1 = −37◦, and (ii) θ3P1 = 53.2◦,
θ1P1 = 0
◦ (in second entry), corresponding to θK1 = −58◦.
Mode B fL Mode B fL
B− → f1(1285)ρ− 10.2+5.5+0.5−3.5−0.4 0.91+0.02−0.02 B− → f1(1420)ρ− 0.1+0.2+0.1−0.1−0.0 0.70+0.19−0.07
8.9+5.1+0.4−3.2−0.3 0.90
+0.04
−0.03 1.3
+0.6+0.2
−0.3−0.0 0.93
+0.04
−0.03
B
0 → f1(1285)ρ0 0.2+0.2+0.3−0.1−0.0 0.77+0.09−0.40 B0 → f1(1420)ρ0 0.01+0.03+0.02−0.00−0.00 0.38+0.57−0.22
0.2+0.1+0.3−0.1−0.0 0.71
+0.09
−0.36 0.04
+0.12+0.08
−0.03−0.00 0.87
+0.08
−0.40
B
0 → f1(1285)ω 1.0+1.1+2.5−0.4−0.2 0.87+0.07−0.62 B0 → f1(1420)ω 0.02+0.03+0.05−0.01−0.00 0.53+0.31−0.39
0.9+1.0+2.2−0.4−0.1 0.86
+0.07
−0.62 0.1
+0.2+0.3
−0.1−0.0 0.86
+0.04
−0.76
B− → f1(1285)K∗− 5.8+8.3+10.8−2.8− 2.3 0.90+0.11−0.74 B− → f1(1420)K∗− 15.9+8.4+18.0−5.3− 7.0 0.50+0.48−0.52
5.7+3.8+21.4−2.2− 4.8 0.47
+0.49
−0.45 15.6
+10.9+10.4
− 5.2− 4.7 0.64
+0.37
−0.61
B
0 → f1(1285)K∗0 5.5+7.9+10.1−2.7− 1.7 0.89+0.14−0.79 B0 → f1(1420)K∗0 14.8+8.0+17.4−5.0− 6.7 0.49+0.49−0.50
5.1+3.6+20.0−2.1− 4.7 0.45
+0.55
−0.50 14.9
+10.2+10.1
− 5.0− 4.6 0.64
+0.38
−0.61
B
0 → f1(1285)φ 0.002+0.002+0.010−0.001−0.000 0.93+0.02−0.68 B0 → f1(1420)φ 0.0001+0.0001+0.0006−0.0000−0.0000 0.97+0.03−0.75
0.002+0.002+0.009−0.001−0.000 0.90
+0.03
−0.71 0.0008
+0.0009+0.0009
−0.0001−0.0001 0.98
+0.02
−0.44
B− → h1(1170)ρ− 17.4+10.1+2.8− 6.6−3.3 0.96+0.01−0.06 B− → h1(1380)ρ− 0.9+0.5+0.2−0.3−0.2 0.95+0.00−0.08
10.9+6.5+1.8−4.2−2.1 0.96
+0.01
−0.06 5.9
+3.2+1.0
−2.1−1.1 0.95
+0.01
−0.07
B
0 → h1(1170)ρ0 0.05+0.11+1.16−0.03−0.00 0.22+0.75−0.11 B0 → h1(1380)ρ0 0.01+0.01+0.04−0.00−0.00 0.30+0.59−0.13
0.04+0.09+0.78−0.02−0.00 0.30
+0.61
−0.16 0.02
+0.03+0.40
−0.01−0.00 0.01
+0.99
−0.00
B
0 → h1(1170)ω 1.5+2.4+1.2−0.9−0.2 0.99+0.01−0.10 B
0 → h1(1380)ω 0.1+0.1+0.1−0.1−0.0 0.97+0.02−0.14
0.9+1.4+0.8−0.6−0.1 0.99
+0.01
−0.10 0.5
+0.7+0.4
−0.3−0.1 0.98
+0.01
−0.12
B− → h1(1170)K∗− 5.3+2.5+12.8−1.6− 4.3 0.84+0.13−0.16 B− → h1(1380)K∗− 8.1+4.0+21.3−2.8− 6.6 0.87+0.13−0.75
7.7+5.1+31.6−3.0− 7.1 0.81
+0.17
−0.21 3.7
+2.0+7.8
−1.3−2.2 0.88
+0.12
−0.53
B
0 → h1(1170)K∗0 4.5+2.2+11.5−1.4− 4.2 0.82+0.18−0.40 B
0 → h1(1380)K∗0 8.3+4.4+21.8−2.9− 6.9 0.88+0.12−0.80
7.1+5.1+30.1−2.9− 6.9 0.81
+0.19
−0.42 3.9
+1.9+8.3
−1.3−2.6 0.88
+0.12
−0.64
B
0 → h1(1170)φ 0.006+0.007+0.010−0.002−0.005 0.97+0.02−0.90 B0 → h1(1380)φ 0.004+0.003+0.230−0.002−0.000 1.00+0.00−0.04
0.001+0.005+0.074−0.003−0.000 0.93
+0.07
−0.55 0.007
+0.005+0.170
−0.003−0.001 0.99
+0.01
−0.14
Among various B → (a1, b1)(f1, h1) decays, we see from Table X that only a−1 f1(1285) and
a−1 h1(1170) modes and a
−
1 h1(1380) with θ1P1 = 0
◦ can have sizable rates and all other charged and
neutral channels are suppressed.
2. Penguin-dominated decays
The penguin-dominated B → AA decays involve at least one K1 meson. Results for the decay
modes K1(a1, b1, f1, h1,K1) are summarized in Table XI. Some salient features are (i) Γ(B →
K1(1270)a1) > Γ(B → K1(1400)b1) > Γ(B → K1(1270)b1) > Γ(B → K1(1400)a1), (ii) B →
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TABLE X: Branching ratios (in units of 10−6) and the longitudinal polarization fraction for tree-
dominated B → AA decays. For decays involving f1 and h1 states, we use two different sets of
mixing angles: (i) θ3P1 = 27.9
◦ and θ1P1 = 25.2
◦ (in first entry) and (ii) θ3P1 = 53.2
◦, θ1P1 = 0
◦ (in
second entry).
Mode B fL Mode B fL
B− → a−1 a01 22.4+10.7+6.6− 8.2−1.5 0.74+0.24−0.32 B0 → a+1 a−1 37.4+16.1+9.7−13.7−1.4 0.64+0.07−0.17
B− → a−1 b01 37.8+23.9+11.4−15.3− 5.3 0.92+0.02−0.24 B0 → a01a01 0.5+0.8+9.3−0.2−0.0 0.60+0.00−0.70
B− → a01b−1 1.0+1.6+6.2−0.5−0.1 0.73+0.12−0.82 B0 → a−1 b+1 41.3+20.7+16.6−18.2− 3.4 0.90+0.02−0.05
B− → b−1 b01 1.4+2.5+2.8−1.0−0.0 0.95+0.00−0.82 B
0 → a+1 b−1 0.8+1.09+3.6−0.4−0.1 0.98+0.00−0.80
B
0 → b01b01 3.2+5.6+11.0−2.3− 0.8 0.95+0.02−0.80 B0 → a01b01 3.8+6.2+2.6−2.3−0.5 0.98+0.01−0.31
B
0 → b+1 b−1 1.0+1.6+15.7−0.7− 0.3 0.96+0.03−0.65
B− → a−1 f1(1285) 12.4+5.6+6.9−4.3− 0.7 0.73+0.22−0.32 B
0 → a01f1(1285) 0.1+0.1+3.1−0.1−0.0 0.53+0.13−0.59
11.0+5.4+6.0−4.1−0.8 0.71
+0.23
−0.31 0.1
+0.1+2.7
−0.0−0.0 0.49
+0.06
−0.52
B− → a−1 f1(1420) 0.2+0.2+0.3−0.1−0.0 0.42+0.42−0.19 B0 → a01f1(1420) 0.02+0.02+0.12−0.01−0.01 0.14+0.75−0.10
1.5+0.4+0.9−0.3−0.0 0.77
+0.16
−0.33 0.02
+0.02+0.12
−0.01−0.01 0.18
+0.80
−0.15
B− → a−1 h1(1170) 22.4+14.5+5.3− 9.3−3.1 0.91+0.02−0.22 B0 → a01h1(1170) 0.1+0.3+2.1−0.1−0.0 0.24+0.76−0.26
14.1+9.5+3.4−6.0−1.9 0.91
+0.02
−0.22 0.08
+0.17+1.36
−0.06−0.02 0.30
+0.70
−0.34
B− → a−1 h1(1380) 1.2+0.7+0.3−0.5−0.1 0.90+0.02−0.24 B0 → a01h1(1380) 0.01+0.01+0.12−0.01−0.00 0.32+0.67−0.21
7.6+4.7+1.6−3.0−0.7 0.89
+0.03
−0.24 0.05
+0.07+0.79
−0.03−0.00 0.08
+0.92
−0.03
B− → b−1 f1(1285) 0.8+1.3+4.3−0.5−0.3 0.82+0.16−0.56 B0 → b01f1(1285) 0.2+0.4+2.7−0.1−0.1 0.48+0.53−0.38
0.7+1.0+3.5−0.4−0.1 0.79
+0.19
−0.57 0.2
+0.3+2.5
−0.1−0.0 0.36
+0.63
−0.22
B− → b−1 f1(1420) 0.03+0.17+0.16−0.02−0.01 0.73+0.23−0.33 B0 → b01f1(1420) 0.01+0.08+0.10−0.01−0.01 0.66+0.29−0.49
0.2+0.6+0.8−0.1−0.1 0.89
+0.08
−0.51 0.1
+0.3+0.5
−0.1−0.0 0.81
+0.14
−0.49
B− → b−1 h1(1170) 1.2+2.0+9.2−0.9− 0.5 0.95+0.03−0.76 B0 → b01h1(1170) 0.2+0.2+5.1−0.1−0.0 0.86+0.12−0.79
0.8+1.3+3.0−0.3−0.1 0.94
+0.03
−0.79 0.1
+0.2+3.4
−0.1−0.0 0.86
+0.12
−0.79
B− → b−1 h1(1380) 0.05+0.10+0.34−0.04−0.00 0.85+0.06−0.80 B0 → b01h1(1380) 0.01+0.01+0.20−0.01−0.00 0.47+0.45−0.46
0.3+0.5+3.0−0.2−0.2 0.94
+0.03
−0.77 0.04
+0.04+1.73
−0.02−0.00 0.81
+0.17
−0.70
B
0 → f1(1285)f1(1285) 0.3+0.3+3.1−0.1−0.0 0.67+0.06−0.84 B
0 → h1(1170)h1(1170) 0.8+1.6+1.6−0.6−0.3 0.97+0.01−0.55
0.2+0.2+2.5−0.1−0.0 0.66
+0.07
−0.84 0.4
+0.7+1.2
−0.3−0.1 0.97
+0.02
−0.60
B
0 → f1(1285)f1(1420) 0.01+0.01+0.10−0.01−0.00 0.26+0.31−0.28 B0 → h1(1170)h1(1380) 0.1+0.1+0.1−0.0−0.0 0.97+0.01−0.74
0.05+0.05+0.63−0.02−0.00 0.57
+0.10
−0.66 0.3
+0.6+0.7
−0.3−0.1 0.96
+0.01
−0.70
B
0 → f1(1420)f1(1420) 0.01+0.00+0.03−0.01−0.00 0.94+0.05−0.34 B0 → h1(1380)h1(1380) 0.01+0.01+0.42−0.01−0.00 0.97+0.03−0.39
0.01+0.01+0.06−0.00−0.00 0.68
+0.23
−0.58 0.08
+0.14+0.79
−0.05−0.02 0.96
+0.03
−0.62
B
0 → f1(1285)h1(1170) 1.1+1.9+1.1−0.7−0.2 0.98+0.02−0.07 B
0 → f1(1285)h1(1380) 0.05+0.09+0.07−0.03−0.01 0.97+0.02−0.22
0.6+1.1+0.6−0.4−0.1 0.97
+0.02
−0.09 0.3
+0.6+0.3
−0.2−0.0 0.97
+0.03
−0.11
B
0 → f1(1420)h1(1170) 0.02+0.06+0.03−0.01−0.00 0.87+0.11−0.23 B0 → f1(1420)h1(1380) 0.001+0.001+0.003−0.000−0.000 0.74+0.22−0.25
0.08+0.17+0.10−0.04−0.01 0.96
+0.03
−0.12 0.04
+0.10+0.08
−0.03−0.01 0.95
+0.04
−0.12
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TABLE XI: Branching ratios (in units of 10−6) and the longitudinal polarization fraction for
penguin-dominated B → K1A decays for the mixing angles: (i) θK1 = −37◦, θ3P1 = 27.9◦ and
θ1P1 = 25.2
◦, and (ii) θK1 = −58◦, θ3P1 = 53.2◦ and θ1P1 = 0◦. Default results are for ρA = 0.65
and φA = −53◦.
θK1 = −37◦ θK1 = −58◦Decay
B fL B fL
B
0 → K−1 (1270)a+1 42.3+58.2+165.6−27.3− 41.1 0.24+0.16−0.07 46.1+60.9+176.8−29.8− 43.7 0.16+0.28−0.06
B
0 → K¯01 (1270)a01 21.6+29.7+81.2−13.9−20.9 0.27+0.69−0.21 22.4+30.8+88.7−15.0−22.2 0.15+0.28−0.03
B− → K¯01 (1270)a−1 44.3+60.9+165.9−28.6− 43.5 0.23+0.09−0.19 48.3+63.4+175.7−31.1− 47.0 0.15+0.25−0.14
B− → K−1 (1270)a01 23.8+30.1+84.7−14.3−21.4 0.26+0.35−0.15 26.3+31.6+87.6−15.6−23.2 0.20+0.41−0.11
B
0 → K−1 (1400)a+1 12.0+10.6+12.0− 6.1− 7.9 0.36+0.38−0.32 7.5+7.3+21.7−3.3− 6.1 0.96+0.04−0.43
B
0 → K¯01 (1400)a01 6.7+5.5+7.4−3.3−4.5 0.45+0.48−0.41 5.5+4.2+12.4−2.3− 4.1 0.98+0.13−0.36
B− → K¯01 (1400)a−1 13.8+11.4+17.1− 6.8−10.1 0.42+0.58−0.40 9.0+8.4+23.8−3.9− 7.4 0.98+0.15−0.43
B− → K−1 (1400)a01 6.0+5.4+7.0−3.0−4.3 0.33+0.35−0.30 3.1+3.6+10.2−1.5− 2.6 0.94+0.01−0.59
B
0 → K−1 (1270)b+1 14.8+12.9+65.8− 7.2−13.7 0.28+0.52−0.12 14.1+15.7+63.1− 6.7−11.1 0.13+0.71−0.14
B
0 → K¯01 (1270)b01 7.3+6.3+33.0−3.5− 6.7 0.29+0.48−0.18 6.9+7.4+34.1−3.1− 5.2 0.12+0.69−0.16
B− → K¯01 (1270)b−1 15.3+13.8+72.6− 7.5−14.9 0.31+0.31−0.13 13.0+15.1+69.5− 6.0−10.8 0.06+0.67−0.09
B− → K−1 (1270)b01 9.0+8.3+36.3−4.5− 7.7 0.39+0.49−0.20 8.1+9.2+32.2−3.9− 5.9 0.22+0.65−0.22
B
0 → K−1 (1400)b+1 25.0+27.3+205.5−11.1− 22.9 0.91+0.03−0.34 26.2+24.2+209.2−12.0− 24.7 0.99+0.01−0.56
B
0 → K¯01 (1400)b01 13.0+13.4+110.1− 5.6− 12.3 0.91+0.05−0.66 13.7+12.3+109.4− 6.2− 13.1 0.98+0.02−0.92
B− → K¯01 (1400)b−1 27.7+28.6+231.4−12.0− 26.1 0.91+0.05−0.66 30.4+27.2+235.5−13.9− 29.3 0.98+0.02−0.97
B− → K−1 (1400)b01 13.3+14.4+107.9− 5.9− 12.2 0.92+0.01−0.35 14.4+13.4+112.7− 6.7− 13.8 0.99+0.01−0.74
B
0 → K¯01 (1270)f1(1285) 14.5+20.1+68.4− 8.2−11.1 0.56+0.52−0.70 5.7+8.8+31.0−3.7− 5.2 0.22+0.72−0.29
B
0 → K¯01 (1270)f1(1420) 10.4+9.3+51.7−3.5− 6.3 0.93+0.08−0.55 18.9+20.9+82.1− 8.0−10.7 0.64+0.48−0.67
B
0 → K¯01 (1270)h1(1170) 5.3+8.7+25.7−3.4− 4.4 0.52+0.46−0.60 4.1+11.3+7.8− 3.4−2.3 0.83+0.17−0.83
B
0 → K¯01 (1270)h1(1380) 8.5+13.3+38.4− 5.6− 5.2 0.93+0.05−0.76 8.5+11.5+33.5− 4.9− 4.3 0.50+0.45−0.45
B− → K−1 (1270)f1(1285) 15.7+21.5+73.4− 8.7−11.7 0.60+0.46−0.75 6.2+9.0+34.2−3.8− 5.2 0.29+0.60−0.35
B− → K−1 (1270)f1(1420) 10.9+9.7+53.7−3.7− 6.4 0.93+0.09−0.55 19.7+21.8+85.6− 8.2−11.0 0.65+0.46−0.69
B− → K−1 (1270)h1(1170) 6.5+9.3+27.4−3.9− 4.9 0.56+0.38−0.62 5.6+12.2+9.2− 4.0−0.8 0.85+0.13−0.76
B− → K−1 (1270)h1(1380) 9.2+14.7+40.4− 6.1− 5.8 0.93+0.05−0.73 8.9+12.3+33.5− 5.2− 4.4 0.50+0.25−0.73
B
0 → K¯01 (1400)f1(1285) 4.0+5.3+12.2−2.1− 4.5 0.12+0.48−0.13 2.2+2.2+10.7−0.5− 1.7 0.52+0.39−0.56
B
0 → K¯01 (1400)f1(1420) 18.9+25.4+87.6−16.7−19.0 0.04+0.95−0.03 21.5+26.2+95.4−13.5−17.6 0.26+0.74−0.16
B
0 → K¯01 (1400)h1(1170) 8.9+10.4+75.4− 4.5− 8.3 0.96+0.02−0.76 21.0+21.6+148.3−11.4− 19.7 0.90+0.09−0.81
B
0 → K¯01 (1400)h1(1380) 16.6+22.0+81.9−10.1−16.9 0.55+0.10−0.11 6.5+8.4+33.2−3.9− 6.5 0.39+0.16−0.08
B− → K−1 (1400)f1(1285) 4.3+5.9+13.2−2.4− 4.4 0.15+0.57−0.10 2.2+2.5+10.4−0.5− 1.7 0.50+0.25−0.73
B− → K−1 (1400)f1(1420) 19.4+26.2+89.7−13.0−19.8 0.03+0.95−0.03 22.5+27.3+99.9−14.1−18.1 0.27+0.73−0.15
B− → K−1 (1400)h1(1170) 9.1+11.1+74.5− 4.6− 8.3 0.96+0.02−0.44 22.0+23.2+154.5−12.1− 20.8 0.91+0.08−0.83
B− → K−1 (1400)h1(1380) 17.7+23.4+87.8−10.8−18.0 0.56+0.12−0.09 7.0+9.1+35.9−4.2− 6.9 0.42+0.45−0.18
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Table XI. (Continued)
θK1 = −37◦ θK1 = −58◦Decay
B fL B fL
B
0 → K−1 (1270)K+1 (1270) 0.07+0.12+1.07−0.05−0.00 1 0.10+0.10+1.23−0.06−0.00 1
B
0 → K−1 (1270)K+1 (1400) 0.01+0.02+0.35−0.01−0.00 1 0.01+0.02+0.34−0.01−0.00 1
B
0 → K−1 (1400)K+1 (1270) 0.20+0.20+3.72−0.11−0.00 1 0.23+0.24+3.03−0.17−0.00 1
B
0 → K−1 (1400)K+1 (1400) 0.04+0.05+0.42−0.02−0.00 1 0.04+0.08+0.63−0.03−0.00 1
B
0 → K¯01 (1270)K01 (1270) 0.16+0.17+1.03−0.12−0.01 0.67+0.31−0.62 0.44+0.33+8.35−0.31−0.00 0.75+0.21−0.73
B
0 → K¯01 (1400)K01 (1400) 0.29+0.23+4.99−0.21−0.01 0.64+0.32−0.72 0.06+0.06+0.13−0.01−0.0 0.46+0.57−0.29
B
0 → K¯01 (1270)K01 (1400) 0.85+0.44+10.95−0.41− 0.38 0.77+0.25−0.59 0.54+0.37+4.17−0.27−0.23 0.83+0.18−0.88
B
0 → K01 (1270)K¯01 (1400) 0.00+0.01+19.0−0.00− 0.0 0.66+0.26−0.70 0.02+0.02+14.12−0.01− 0.0 0.40+0.39−0.38
B− → K01 (1270)K−1 (1400) 0.03+0.02+17.1−0.01− 0.0 0.94+0.03−0.86 0.10+0.05+13.07−0.07− 0.00 0.91+0.04−0.91
B− → K−1 (1270)K01 (1270) 0.13+0.11+0.43−0.07−0.02 0.51+0.23−0.40 0.23+0.17+4.28−0.13−0.02 0.42+0.26−0.51
B− → K−1 (1270)K01 (1400) 0.79+0.42+8.01−0.39−0.29 0.74+0.28−0.53 0.46+0.30+2.29−0.21−0.13 0.79+0.20−0.84
B− → K−1 (1400)K01 (1400) 0.21+0.16+3.16−0.12−0.02 0.41+0.28−0.47 0.11+0.10+0.36−0.05−0.04 0.61+0.34−0.49
K1(a1, b1) decays are dominated by transverse polarization amplitudes except for K1(1400)b1 and
K1(1400)a1 with θK1 = −58◦, and (iii) the charged and neutral B decays have similar rates and
longitudinal polarization fractions. For example, B(B− → K−1 (f1, h1)) ≈ B(B0 → K¯1(f1, h1)),
B(B− → K−1 (a01, b01)) ≈ B(B0 → K¯01 (a01, b01)) and B(B− → K¯01 (a−1 , b−1 )) ≈ B(B0 → K−1 (a+1 , b+1 )).
The first feature can be understood as follows. Consider the decays B
0 → K−1 (a+1 , b+1 ) as an
illustration. Their decay amplitudes are given by
Ah
B
0
→K−1 (1270)a
+
1
∝
[
αc,h4 + α
c,h
4,EW + β
c,h
3 −
1
2
βc,h3,EW
]
a1K1
X
(Ba1,K1)
h
∝ [· · ·]
a1K1A
fK1A sin θK1 + [· · ·]a1K1B f
⊥
K1B cos θK1 ,
Ah
B
0
→K−1 (1400)a
+
1
∝ [· · ·]
a1K1A
fK1A cos θK1 − [· · ·]a1K1B f
⊥
K1B
sin θK1 ,
Ah
B
0
→K−1 (1270)b
+
1
∝ [· · ·]
b1K1A
fK1A sin θK1 + [· · ·]b1K1B f
⊥
K1B cos θK1 ,
Ah
B
0
→K−1 (1400)b
+
1
∝ [· · ·]
b1K1A
fK1A cos θK1 − [· · ·]b1K1B f
⊥
K1B
sin θK1 . (4.24)
Since K1a1 modes are dominated by transverse amplitudes and since the negative-helicity param-
eters such as α−4 (a1K1A) and α
−
4 (a1K1B) have opposite signs, it is clear that the interference is
constructive in B → K1(1270)a1 and destructive in B → K1(1400)a1 for a negative mixing angle
θK1 . This also explains why the former increases and the latter decreases when the mixing angle
is changed from −37◦ to −58◦. For the K1(1400)b1 modes dominated by the longitudinal ampli-
tudes, they have large rates as α04(b1K1A) and α
0
4(b1K1B) are of the same sign. In general, K1a1
and K1b1 rates are insensitive to the value of θK1 , −37◦ or −58◦, except for K1(1400)a1 modes.
It is interesting to notice that K1(1400)a1 channels are dominated by transverse amplitudes for
θK1 = −37◦ and by longitudinal ones for θK1 = −58◦. Therefore, measurement of polarization
fractions in B → K1(1400)a1 will yield a clear discrimination between the two different K1A−K1B
mixing angles. Branching ratios of B → K1(f1, h1) fall into the range of 10−6 ∼ 10−5. At first
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sight, it appears that they depend on the mixing angles θK1 and θ1P1 or θ3P1 . However, the latter
two angles are correlated to the first one [see Eq. (2.4)]. Consequently, the decays B → K1(f1, h1)
depend on only one mixing angle θK1 . From Table XI it is clear that the mode K¯1(1400)h1(1380)
has a strong dependence on θK1 .
Just as B → K1K¯∗ decays, branching ratios of the b→ d penguin-dominated K1K¯1 modes are
small, of order 10−7 − 10−8 owing to the smallness of the penguin coefficients.
In short, there are many penguin-dominated B → AA decays within the reach of
B factories: K1(1270)a1, K1(1400)b1, K1(1270)b
±
1 , K1(1400)a
±
1 , K1(1270)(f1(1285), f1(1420))
and K1(1400)(f1(1420), h1(1170)). In most cases, transverse polarization is large except for
K1(1400)(b1, h1(1170)), K1(1270)(f1(1420), h1(1380)) with θK1 = −37◦ and K1(1400)a1 with
θK1 = −58◦ where longitudinal polarization dominates.
V. CONCLUSIONS
In this work we have presented a detailed study of charmless two-body B decays into final
states involving two vector mesons (V V ) or two axial-vector mesons (AA) or one vector and one
axial-vector meson (V A), within the framework of QCD factorization, where A is either a 3P1 or
1P1 axial-vector meson. Owing to the G-parity, the chiral-even two-parton light-cone distribution
amplitudes of the 3P1 (
1P1) mesons are symmetric (antisymmetric) under the exchange of quark
and anti-quark momentum fractions in the SU(3) limit. For chiral-odd light-cone distribution
amplitudes, it is other way around. The main results are as follows.
• We have worked out the hard spectator scattering and annihilation contributions to B → V A
and B → AA decays.
• NLO nonfactorizable corrections to longitudinal- and negative-helicity effective Wilson coef-
ficients ahi generally differ in magnitude and even in sign. For some V V modes, the construc-
tive (destructive) interference in the negative-helicity (longitudinal-helicity) amplitude of the
B → V V decay will render the former comparable to the latter and bring up the transverse
polarization. Any serious solution to the polarization puzzle should take into account NLO
effects on ahi .
• The measured rates and fL of penguin-dominated charmless V V modes can be accommodated
(but cannot be predicted at first place) in QCD factorization by allowing for sizable penguin
annihilation contributions. However, the parameters ρA and φA fit to the data of K
∗φ and
K∗ρ are not the same. Hence, we do not have a good hint at the values of ρA and φA for
B → AV and B → AA decays.
• While NLO contributions due to vertex, penguin and hard scattering corrections are insen-
sitive to the choice of the renormalization scale µ, the penguin annihilation contribution at
the hard-collinear scale is sensitive to µ. In the present work, we choose µ = mb(mb) for
the reason that if µ = mb(mb)/2 is selected, the decay rates and polarization fractions of
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B → K∗φ or B → K∗ρ cannot be simultaneously fitted by the annihilation parameters ρA
and φA.
• The predicted rates and longitudinal polarization fractions by QCD factorization for tree-
dominated ρρ modes are in good agreement with experiment, but the calculated B(B− →
ρ−ω) is slightly high. The latter may imply that the B → ω transition form factors are
slightly smaller than what are expected from the light-cone sum rules. Only in the decay
B0 → ρ0ω where a large deviation from the naive expectation of fL ∼ 1 is possible. We
found fL(ρ
0ω) ∼ 0.55.
• Using the measured K¯∗0ρ− channel as an input, we predict the branching ratios and polar-
ization fractions for other B → K∗ρ decays and find the relation fL(K∗−ρ0) > fL(K∗−ρ+) >
fL(K¯
∗0ρ−) > fL(K¯
∗0ρ0). Experimentally, it is quite important to measure them to test
theory. Our result of fL(K¯
∗0ρ0) ∼ 0.39 is consistent with experiment and is higher than the
prediction ∼ 0.22 made by Beneke, Rohrer and Yang.
• The calculations suggest that the tree-dominated channels a+1 ρ−, a−1 ρ−, a01ρ−, a−1 ρ0, a−1 ω,
b+1 ρ
− and b01ρ
− should be readily accessible to B factories. One of the salient features of
the 1P1 axial vector meson is that its axial-vector decay constant is small, vanishing in the
SU(3) limit. This can be tested by measuring various b1ρ modes to see if Γ(B
0 → b−1 ρ+)≪
Γ(B
0 → b+1 ρ−) and Γ(B− → b−1 ρ0)≪ Γ(B− → b01ρ−).
• In the absence of the experimental guideline, we employed the penguin annihilation param-
eters ρA = 0.65 and φA = −53◦ inferred from the channel B → K∗φ to describe penguin-
dominated B → V A,AA decays. It is very crucial to measure the penguin-dominated modes
a1K
∗ and b1K
∗ to test the importance of penguin annihilation. We found that a1K
∗ modes
are dominated by transverse polarization amplitudes, whereas b1K
∗ are governed by longi-
tudinal polarization states.
• For B → K1V decays involving the K1(1270) or K1(1400) meson, the channels K−1 ρ+, K¯01ρ−
have sizable rates and the experimental search of them would be encouraging. Measurements
of the relative strengths of K1(1270)φ(ρ) and K1(1400)φ(ρ) will enable us to test the impor-
tance of weak annihilation. The rates of B → K1(1270)K∗ and K1(1400)K∗ are generally
very small. The decay modes K−1 K
∗+ and K+1 K
∗− are of particular interest as they are the
only V A modes which receive contributions solely from weak annihilation.
• Among the decays B → (f1, h1)(ρ, ω,K∗, φ) with f1 = f1(1285), f1(1420) and h1 =
h1(1170), h1(1380), the tree-dominated modes h1(1380)ρ
−, f1(1285)ρ
−, h1(1170)ρ
− and sev-
eral of the penguin-dominated channels e.g. f1(1420)K
∗ have appreciable rates.
• For tree-dominated B → AA decays, the a+1 a−1 , a−1 a01, a−1 b+1 and a−1 b01 modes have sizable
branching ratios, of order (20 ∼ 40)×10−6. Among various B → (a1, b1)(f1, h1) decays, only
a−1 f1(1285) and a
−
1 h1(1170) modes and a
−
1 h1(1380) with θ1P1 = 0
◦ can have large rates and
all other charged and neutral channels are suppressed.
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• There are two salient features for penguin-dominated B → AA decays: (i) Γ(B →
K1(1270)a1) > Γ(B → K1(1400)b1) > Γ(B → K1(1270)b1) > Γ(B → K1(1400)a1) and
(ii) most of them are dominated by transverse polarization amplitudes except for K1(1400)b1
and K1(1400)a1 with θK1 = −58◦. Since the K1(1400)a1 channels are dominated by trans-
verse amplitudes for θK1 = −37◦ and by longitudinal ones for θK1 = −58◦, measurement
of polarization fractions in B → K1(1400)a1 will yield a clear discrimination between the
two different K1A− K1B mixing angles. Many penguin-dominated B → AA decays are
are readily detectable at B factories: K1(1270)a1, K1(1400)b1, K1(1270)b
±
1 , K1(1400)a
±
1 ,
K1(1270)(f1(1285), f1(1420)) and K1(1400)(f1(1420), h1(1170)).
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APPENDIX A: FLAVOR OPERATORS
The coefficients of the flavor operators αh,pi can be expressed in terms of a
h,p
i [5, 6] as follows:
4
αh1 (M1M2) = a
h
1(M1M2) ,
αh2 (M1M2) = a
h
2(M1M2) ,
αh,p3 (M1M2) =
{
ah,p3 (M1M2)− ah,p5 (M1M2) for M1M2 = V A, AA,
ah,p3 (M1M2) + a
h,p
5 (M1M2) for M1M2 = V V, AV,
αh,p4 (M1M2) =
{
ah,p4 (M1M2) + r
M2
χ a
h,p
6 (M1M2) for M1M2 = AV, V A,
ah,p4 (M1M2)− rM2χ ah,p6 (M1M2) for M1M2 = AA ,V V,
(A1)
αh,p3,EW(M1M2) =
{
ah,p9 (M1M2)− ah,p7 (M1M2) for M1M2 = V A, AA,
ah,p9 (M1M2) + a
h,p
7 (M1M2) for M1M2 = V V, AV,
αh,p4,EW(M1M2) =
{
ah,p10 (M1M2) + r
M2
χ a
h,p
8 (M1M2) for M1M2 = AV, V A,
ah,p10 (M1M2)− rM2χ ah,p8 (M1M2) for M1M2 = AA ,V V.
Note that the order of the arguments of αpi (M1M2) and a
p
i (M1M2) is relevant. For vector mesons
we have
rVχ (µ) =
2mV
mb(µ)
f⊥V (µ)
fV
, (A2)
while for axial-vector mesons we have
rAχ (µ) =
2mA
mb(µ)
f⊥A (µ)
fA
. (A3)
APPENDIX B: DECAY AMPLITUDES
For simplicity, here we do not explicitly show the arguments, M1 and M2, of α
p,h
i and β
p,h
i
coefficients. The order of the arguments of αpi (M1M2) and β
p
i (M1M2) is consistent with the order
of the arguments of X(BM1,M2), where
βpi (M1M2) =
ifBfM1fM2
X(BM1,M2)
bpi . (B1)
The decay amplitudes for (a1, b1)ρ, (a1, b1)K
∗, (f1, h1)ρ, (f1, h1)K
∗,K1ρ and K1K
∗ can be obtained
from Appendix A of [1] by the replacement of P by V with the same quark content.
For V A modes, we only list those channels involving ω and φ vector mesons. For other B → V A
decay amplitudes, the reader is referred to Appendix A of [1] with a simple replacement of the
pseudoscalar meson by the vector meson.
√
2Ah
B−→a−1 ω
=
GF√
2
∑
p=u,c
λ(d)p
{[
δpu (α
h
2 + β
h
2 ) + 2α
p,h
3 + α
p,h
4 +
1
2
αp,h3,EW
4 The numerical values of the coefficients αi(M1M2) also depend on the nature of the initial-state B meson.
This dependence is not indicated explicitly in our notation. The same remark applies to the annihilation
coefficients bpi defined below.
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−1
2
αp,h4,EW + β
p,h
3 + β
p,h
3,EW
]
X
(Ba1,ω)
h
+
[
δpu (α
h
1 + β
h
2 ) + α
p,h
4 + α
p,h
4,EW + β
p,h
3 + β
p,h
3,EW
]
X
(Bω,a1)
h
}
, (B2)
−2AhB¯0→a01ω =
GF√
2
∑
p=u,c
λ(d)p
{[
δpu (α
h
2 − βh1 ) + 2αp,h3 + αp,h4 +
1
2
αp,h3,EW −
1
2
αp,h4,EW
+βp,h3 −
1
2
βp,h3,EW −
3
2
βp,h4,EW
]
X
(Ba1,ω)
h
+
[
δpu (−αh2 − βh1 ) + αp,h4 −
3
2
αp,h3,EW −
1
2
αp,h4,EW
+βp,h3 −
1
2
βp,h3,EW −
3
2
βp,h4,EW
]
X
(Bω,a1)
h
}
, (B3)
Ah
B−→a−1 φ
=
GF√
2
∑
p=u,c
λ(d)p
{[
αp,h3 −
1
2
αp,h3,EW
]
X
(Ba1,φ)
h
}
, (B4)
−
√
2AhB¯0→a01φ =
GF√
2
∑
p=u,c
λ(d)p
{[
αp,h3 −
1
2
αp,h3,EW
]
X
(Ba1,φ)
h
}
, (B5)
for B → a1(ω, φ),
2Ah
B
0
→f1ω
=
GF√
2
∑
p=u,c
λ(d)p
{[
δpu(α
h
2 + β
h
1 ) + 2α
p,h
3 + α
p,h
4 +
1
2
αp,h3,EW
− 1
2
αp,h4,EW + β
p,h
3 + 2β
p,h
4 −
1
2
βp,h3,EW +
1
2
βp,h4,EW
]
X
(Bfq1 ,ω)
h
+
[
δpu(α
h
2 + β
h
1 ) + 2α
p,h
3 + α
p,h
4 +
1
2
αp,h3,EW −
1
2
αp,h4,EW + β
p,h
3 + 2β
p,h
4
− 1
2
βp,h3,EW +
1
2
βp,h4,EW
]
X
(Bω,fq1 )
h +
√
2
[
αp,h3 −
1
2
αp,h3,EW
]
X
(Bω,fs1 )
h
}
(B6)
2Ah
B
0
→f1φ
=
GF√
2
∑
p=u,c
λ(d)p
{√
2
[
αp,h3 −
1
2
αp,h3,EW
]
X
(Bfq1 ,φ)
h
+ 2fBffs1 fφ
[
βp,h4 −
1
2
βp,h4,EW
]
fs1φ
+ 2fBffs1 fφ
[
βp,h4 −
1
2
βp,h4,EW
]
φfs1
}
, (B7)
for B → f1(ω, φ),
√
2Ah
B−→K−1 ω
=
GF√
2
∑
p=u,c
λ(s)p
{[
δpu(α
h
1 + β
h
2 ) + α
p,h
4 + α
p,h
4,EW + β
p,h
3 + β
p,h
3,EW
]
X
(Bω,K1)
h
+
[
δpuα
h
2 + 2α
p,h
3 +
1
2
αp,h3,EW
]
X
(BK1,ω)
h
}
, (B8)
√
2Ah
B
0
→K
0
1ω
=
GF√
2
∑
p=u,c
λ(s)p
{[
αp,h4 −
1
2
αp,h4,EW + β
p,h
3 −
1
2
βp,h3,EW
]
X
(Bω,K1)
h
+
[
δpuα
h
2 + 2α
p,h
3 +
1
2
αp,h3,EW
]
X
(BK1,ω)
h
}
, (B9)
Ah
B−→K−1 φ
=
GF√
2
∑
p=u,c
λ(s)p
{[
δpuβ
h
2 + α
p,h
3 + α
p,h
4 −
1
2
αp,h3,EW
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−1
2
αp,h4,EW + β
p,h
3 + β
p,h
3,EW
]
X
(BK1,φ)
h
}
, (B10)
Ah
B
0
→K
0
1φ
=
GF√
2
∑
p=u,c
λ(s)p
{[
αp,h3 + α
p,h
4 −
1
2
αp,h3,EW −
1
2
αp,h4,EW
+βp,h3 −
1
2
βp,h3,EW
]
X
(BK1,φ)
h
}
, (B11)
for B → K1(ω, φ).
The relevant decay amplitudes for B → AA decays are
√
2Ah
B−→a−1 a
0
1
=
GF√
2
∑
p=u,c
λ(d)p
[
δpu (α
h
1 + α
h
2) +
3
2
αp,h3,EW +
3
2
αp,h4,EW
]
X
(Ba1,a1)
h , (B12)
Ah
B¯0→a−1 a
+
1
=
GF√
2
∑
p=u,c
λ(d)p
[
δpu (α
h
1 + β
h
1 ) + α
p,h
4 + α
p,h
4,EW + β
p,h
3
+2βp,h4 −
1
2
βp,h3,EW +
1
2
βp,h4,EW
]
X
(Ba1,a1)
h , (B13)
−AhB¯0→a01a01 =
GF√
2
∑
p=u,c
λ(d)p
[
δpu (α
h
2 − βh1 )− αp,h4 +
3
2
αp,h3,EW +
1
2
αp,h4,EW − βp,h3 − 2βp,h4
+
1
2
βp,h3,EW −
1
2
βp,h4,EW
]
X
(Ba1,a1)
h , (B14)
√
2Ah
B−→a−1 f1
=
GF√
2
∑
p=u,c
λ(d)p
{[
δpu (α
h
2 + β
h
2 ) + 2α
p,h
3 + α
p,h
4 +
1
2
αp,h3,EW
−1
2
αp,h4,EW + β
p,h
3 + β
p,h
3,EW
]
X
(Ba1,f
q
1 )
h +
√
2
[
αp,h3 −
1
2
αp,h4,EW
]
X
(Ba1,fs1 )
h
+
[
δpu (α
h
1 + β
h
2 ) + α
p,h
4 + α
p,h
4,EW + β
p,h
3 + β
p,h
3,EW
]
X
(Bfq1 ,a1)
h
}
, (B15)
−2AhB¯0→a01f1 =
GF√
2
∑
p=u,c
λ(d)p
{[
δpu (α
h
2 − βh1 ) + 2αp,h3 + αp,h4 +
1
2
αp,h3,EW −
1
2
αp,h4,EW
+βp,h3 −
1
2
βp,h3,EW −
3
2
βp,h4,EW
]
X
(Bfq1 ,a1)
h +
√
2
[
αp,h3 −
1
2
αp,h4,EW
]
X
(Ba1,fs1 )
h
+
[
δpu (−αh2 − βh1 ) + αp,h4 −
3
2
αp,h3,EW −
1
2
αp,h4,EW
+βp,h3 −
1
2
βp,h3,EW −
3
2
βp,h4,EW
]
X
(Ba1,f
q
1 )
h
}
, (B16)
for B → a1(a1, f1), and
√
2Ah
B−→K−1 a
0
1
=
GF√
2
∑
p=u,c
λ(s)p
{[
δpu(α
h
1 + β
h
2 ) + α
p,h
4 + α
p,h
4,EW + β
p,h
3 + β
p,h
3,EW
]
X
(Ba1,K1)
h
+
[
δpuα
h
2 +
3
2
αp,h3,EW
]
X
(BK1,a1)
h
}
, (B17)
Ah
B−→K
0
1a
−
1
=
GF√
2
∑
p=u,c
λ(s)p
[
δpuβ
h
2 + α
p,h
4 −
1
2
αp,h4,EW + β
p,h
3 + β
p,h
3,EW
]
X
(Ba1,K1)
h , (B18)
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Ah
B
0
→K−1 a
+
1
=
GF√
2
∑
p=u,c
λ(s)p
[
δpuα
h
1 + α
p,h
4 + α
p,h
4,EW + β
p,h
3 −
1
2
βp,h3,EW
]
X
(Ba1,K1)
h , (B19)
√
2Ah
B
0
→K
0
1a
0
1
=
GF√
2
∑
p=u,c
λ(s)p
{[
− αp,h4 +
1
2
αp,h4,EW − βp,h3 +
1
2
βp,h3,EW
]
X
(Ba1,K1)
h
+
[
δpuα
h
2 +
3
2
αp,h3,EW
]
X
(BK1,a1)
h
}
, (B20)
√
2Ah
B−→K−1 f1
=
GF√
2
∑
p=u,c
λ(s)p
{[
δpu(α
h
1 + β
h
2 ) + α
p,h
4 + α
p,h
4,EW + β
p,h
3 + β
p,h
3,EW
]
X
(Bfq1 ,K1)
h
+
[
δpuα
h
2 + 2α
p,h
3 +
1
2
αp,h3,EW
]
X
(BK1,f
q
1 )
h +
√
2
[
δpuβ
h
2 + α
p,h
3 + α
p,h
4 −
1
2
αp,h3,EW
−1
2
αp,h4,EW + β
p,h
3 + β
p,h
3,EW
]
X
(BK1,fs1 )
h
}
, (B21)
√
2Ah
B
0
→K
0
1f1
=
GF√
2
∑
p=u,c
λ(s)p
{[
αp,h4 −
1
2
αp,h4,EW + β
p,h
3 −
1
2
βp,h3,EW
]
X
(Bfq1 ,K1)
h
+
[
δpuα
h
2 + 2α
p,h
3 +
1
2
αp,h3,EW
]
X
(BK1,f
q
1 )
h +
√
2
[
αp,h3 + α
p,h
4 −
1
2
αp,h3,EW
−1
2
αp,h4,EW + β
p,h
3 −
1
2
βp,h3,EW
]
X
(BK1,fs1 )
h
}
, (B22)
for B → K1(a1, f1), where λ(d)p ≡ VpbV ∗pd, λ(s)p ≡ VpbV ∗ps, and the helicity-dependent factorizable
amplitudes X
(B¯M1,M2)
h are defined in Eq. (3.16). The decay amplitudes for B → b1(ω, φ) are
obtained from B → a1(ω, φ) by replacing a1 → b1. Likewise, the expressions for B → h1(ω, φ)
decay amplitudes are obtained by setting (f1ω → h1ω) and (f1φ→ h1φ).
APPENDIX C: AN EXAMPLE OF THE ANNIHILATION AMPLITUDES IN
B → AV DECAYS
M
(a)
2
1
B
(b) (c) (d)
M
x
y
FIG. 2: Annihilation contributions to the decay amplitude of B¯ → AV , where (a) and (b) corre-
spond to Afn, (c) and (d) give rise to A
i
n.
In this appendix we show an explicit evaluation of the annihilation diagrams in Fig. 2 with
(M1,M2) = (A,V ) and the conventions p
µ
V ≃ Enµ− and pµA ≃ Enµ+. The longitudinal annihilation
amplitudes of Figs. 2(a) and 2(b) read
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AFig.2(a) = −2〈0|d¯(1− γ5)b|B¯〉(igs)2
Tr(tata)
N2c
×
∫ 1
0
∫ 1
0
dxdy(−1)Tr
[
MA‖ (y)γδM
V
‖ (x)γ
δγα(1 + γ5)
] i(−i)(k + pV )α
(k + pV )2(x¯pV + k)2
∣∣∣∣∣
k=ypA
, (C1)
and
AFig.2(b) = −2〈0|d¯(1− γ5)b|B¯〉(igs)2
Tr(tata)
N2c
×
∫ 1
0
∫ 1
0
dxdy(−1)Tr
[
− γαγδMA‖ (y)γδMV‖ (x)(1 + γ5)
] i(−i)(pA + k¯)α
(k¯ + ypA)2(k¯ + pA)2
∣∣∣∣∣
k¯=x¯pV
. (C2)
The longitudinal projectors MA‖ and M
V
‖ are given in Eqs. (2.28) and (2.30), respectively.
Case 1: Taking
MV‖ (x) → −i
fV
4
mV (ǫ
∗
V · n+)
2
6n−ΦV‖ (x),
MA‖ (y) → −i
f⊥AmA
4
mA(ǫ
∗
A · n−)
2E
{
i
2
σµνγ5 n
µ
+n
ν
− h
(t)
‖ (y)− γ5
h
′(p)
‖ (y)
2
}
, (C3)
and using
〈0|d¯(1− γ5)b|B¯〉 = i fBm
2
B
mb +md
, (C4)
we have
A
(1)
Figs.2(a)+2(b) = −iπαs
CF
Nc
fBfV fA r
A
χ
∫ 1
0
∫ 1
0
dxdyΦV‖ (x)

h(t)‖ (y) + 12h′(p)‖ (y)
x¯y
−
h
′(p)
‖ (y)
x¯2y


= −2iπαsCF
Nc
fBfV fA r
A
χ
∫ 1
0
∫ 1
0
dxdyΦV‖ (x)Φa(y)
(
1
x¯2y
)
, (C5)
where use of
∫ 1
0 dyΦa(y) = 0 has been made.
Case 2: Taking
MV‖ (x) → −i
f⊥V mV
4
mV (ǫ
∗ · n+)
2E
{
− i
2
σµν n
µ
−n
ν
+ h
(t)
‖ (x) +
h
′(s)
‖ (x)
2
}
, (C6)
and
MA‖ (y) → −i
fA
4
mV (ǫ
∗ · n−)
2
6n+γ5 ΦA‖ (y), (C7)
we obtain
A
(2)
Figs.2(a)+2(b) = −iπαs
CF
Nc
fBfV fA r
V
χ
∫ 1
0
∫ 1
0
dxdyΦA‖ (y)

h(t)‖ (x) + 12h′(s)‖ (x)
x¯2y
+
h
′(s)
‖ (x)
x¯y2


= 2iπαs
CF
Nc
fBfV fA r
V
χ
∫ 1
0
∫ 1
0
dxdyΦA‖ (y)Φv(x)
(
1
x¯y2
)
. (C8)
Case 3: If
MV‖ (x) → −i
fV
4
mV (ǫ
∗ · n+)
2
6n−ΦV‖ (x), (C9)
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and
MA‖ (y) → −i
f⊥AmA
4
mA(ǫ
∗ · n−)
2E
{
iE yy¯Φa(y)σµνγ5n
µ
+
∂
∂k⊥ν
}
, (C10)
then we have
A
(3)
Figs.2(a)+2(b) = −2iπαs
CF
Nc
fBfV fA r
A
χ
∫ 1
0
∫ 1
0
dxdyΦV‖ (x)Φa(y)
(
1
x¯y
)
. (C11)
Case 4: For
MV‖ (x) → i
f⊥V mV
4
mV (ǫ
∗ · n+)
2E
{
iE xx¯Φv(x) σµνn
µ
−
∂
∂k⊥ν
}
, (C12)
and
MA‖ (x) → −i
fA
4
mA(ǫ
∗ · n+)
2
6n−γ5 ΦA‖ (x), (C13)
we have
A
(4)
Fig.2(b) = 2iπαs
CF
Nc
fBfV fA r
V
χ
∫ 1
0
∫ 1
0
dxdyΦA‖ (y)Φv(x)
(
1
x¯y
)
. (C14)
Finally, we obtain
A
(1)+(3)
Eqs. 2(a)+2(b) = −2iπαs
CF
Nc
fBfV fA r
A
χ
∫ 1
0
∫ 1
0
dxdyΦa(y)Φ
V
‖ (x)
(
1 + x¯
x¯2y
)
, (C15)
and
A
(2)+(4)
Eqs. 2(a)+2(b) = 2iπαs
CF
Nc
fBfV fA r
V
χ
∫ 1
0
∫ 1
0
dxdyΦA‖ (y)Φv(x)
(
1 + y
x¯y2
)
. (C16)
We are led to
Af, 03 (A V ) = παs
∫ 1
0
dx dy
{
− rAχ Φa(x)ΦV‖ (y)
2(1 + y¯)
xy¯2
+rVχ Φ
A
‖ (x)Φv(y)
2(1 + x)
x2y¯
}
. (C17)
Likewise,
Af, 03 (V1V2) = παs
∫ 1
0
dx dy
{
rV1χ Φv1(x)Φ
V2
‖ (y)
2(1 + y¯)
xy¯2
−rV2χ ΦV1‖ (x)Φv2(y)
2(1 + x)
x2y¯
}
,
Af, 03 (A1A2) = παs
∫ 1
0
dx dy
{
− rA1χ Φa1(x)ΦA2‖ (y)
2(1 + y¯)
xy¯2
(C18)
−rA2χ ΦA1‖ (x)Φa2(y)
2(1 + x)
x2y¯
}
, (C19)
Af, 03 (V A) = παs
∫ 1
0
dx dy
{
rVχ Φv(x)Φ
A
‖ (y)
2(1 + y¯)
xy¯2
+rAχ Φ
V
‖ (x)Φa(y)
2(1 + x)
x2y¯
}
. (C20)
This implies
CV V = CV A = −CAV = −CAA = 1,
DV V = DAA = −DAV = −DV A = 1, (C21)
which lead to the third line of Eq. (3.39).
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APPENDIX D: EXPLICIT EXPRESSIONS OF ANNIHILATION AMPLITUDES
The general expressions of the helicity-dependent annihilation amplitudes are given in Eqs.
(3.29)-(3.38). They can be further simplified by considering the asymptotic distribution amplitudes
for ΦV ,Φv,Φ
3P1
‖ ,Φ
1P1
a and the leading contributions to Φ
1P1
‖ ,Φ
3P1
a :
ΦV‖ (u) = 6uu¯, Φ
3P1
‖ (u) = 6uu¯, Φ
1P1
‖ (u) = 18 a
‖,1P1
1 uu¯(2u− 1),
Φv(u) = 3(2u − 1), Φ3P1a (u) = 3 a⊥,
3P1
1 (6u
2 − 6u+ 1), Φ1P1a (u) = 3(2u − 1),
ΦV⊥(u) = 6uu¯, Φ
3P1
⊥ (u) = 18 a
⊥,3P1
1 uu¯(2u− 1), Φ
1P1
⊥ (u) = 6uu¯,
ΦM+ =
∫ 1
u
dv
ΦM‖ (v)
v
, ΦM− =
∫ u
0
dv
ΦM‖ (v)
v¯
. (D1)
We find
Af, 03 (V1 V2) ≈ −18παs
(
rV1χ + r
V2
χ
)
(X0A − 2)(2X0A − 1), (D2)
Af,−3 (V1 V2) ≈ −18παs
(
mV2
mV1
rV1χ +
mV1
mV2
rV2χ
)
(2X−A − 3)(X−A − 1), (D3)
Af, 03 (V
3P1) ≈ 18παs(2X0A − 1)
[
a⊥,
3P1
1 r
3P1
χ (X
0
A − 3)− rVχ (X0A − 2)
]
, (D4)
Af,−3 (V
3P1) ≈ −18παs(2X−A − 3)
×
[
m3P1
mV
rVχ (X
−
A − 1)− 3a⊥,
3P1
1
mV
m3P1
r
3P1
χ (X
−
A − 2)
]
, (D5)
Af, 03 (V
1P1) ≈ 18παs(X0A − 2)
[
r
1P1
χ (2X
0
A − 1)− a‖,
1P1
1 r
V
χ (6X
0
A − 11)
]
, (D6)
Af,−3 (V
1P1) ≈ −18παs(X−A − 1)
×
[
− mV
m1P1
r
1P1
χ (2X
−
A − 3) + a‖,
1P1
1
m1P1
mV
rVχ
(
2X−A −
17
3
)]
, (D7)
Af, 03 (
3P1 V ) = −Af, 03 (V 3P1), Af,−3 (3P1 V ) = −Af,−3 (V 3P1), (D8)
Af, 03 (
1P1 V ) = A
f, 0
3 (V
1P1), A
f,−
3 (
1P1 V ) = A
f,−
3 (V
1P1), (D9)
Af, 03 ([
3P1]1 [
3P1]2) ≈ −18παs(2X0A − 1)(X0A − 3)
×
[
a
⊥, [3P1]1
1 r
[3P1]1
χ + a
⊥, [3P1]2
1 r
[3P1]2
χ
]
, (D10)
Af,−3 ([
3P1]1 [
3P1]2) ≈ −54παs(2X−A − 3)(X−A − 2)
×
[
a
⊥,[3P1]1
1
m[3P1]2
m[3P1]1
r[
3P1]1
χ + a
⊥,[3P1]2
1
m[3P1]1
m[3P1]2
r[
3P1]2
χ
]
, (D11)
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Af, 03 ([
1P1]1 [
1P1]2) ≈ 18παs(X0A − 2)(6X0A − 11)
×
[
a
‖, [1P1]2
1 r
[1P1]1
χ + a
‖, [1P1]1
1 r
[1P1]2
χ
]
, (D12)
Af,−3 ([
1P1]1 [
1P1]2) ≈ 18παs(X−A − 1)
(
2X−A −
17
3
)
×
[
a
‖,[1P1]2
1
m[1P1]2
m[1P1]1
r[
1P1]1
χ + a
‖,[1P1]1
1
m[1P1]1
m[1P1]2
r[
1P1]2
χ
]
, (D13)
Af, 03 (
3P1
1P1) ≈ −18παs
[
r
1P1
χ (X
0
A − 2)(2X0A − 1)
+a
‖, 1P1
1 a
⊥, 3P1
1 r
3P1
χ (X
0
A − 3)(6X0A − 11)
]
, (D14)
Af,−3 (
3P1
1P1) ≈ −18παs
[
m3P1
m1P1
r
1P1
χ (X
−
A − 1)(2X−A − 3)
+3a
‖, 1P1
1 a
⊥, 3P1
1
m1P1
m3P1
r
3P1
χ (X
−
A − 2)
(
2X−A −
17
3
)]
, (D15)
Af, 03 (
1P1
3P1) = A
f, 0
3 (
3P1
1P1), A
f,−
3 (
1P1
3P1) = −Af,−3 (3P1 1P1), (D16)
Ai, 03 (V1 V2) ≈ 18παs
(
− rV1χ + rV2χ
)(
X0A
2 − 2X0A + 4−
π2
3
)
, (D17)
Ai,−3 (V1 V2) ≈ −18παs
(
− mV2
mV1
rV1χ +
mV1
mV2
rV2χ
)
(X−A
2 − 2X−A + 2), (D18)
Ai, 03 (V
3P1) ≈ −18παs
[
a⊥,
3P1
1 r
3P1
χ
(
X0A
2 − 2X0A − 6 +
π2
3
)
+rVχ
(
X0A
2 − 2X0A + 4−
π2
3
)]
, (D19)
Ai,−3 (V
3P1) ≈ 18παs
[
m3P1
mV
rVχ (X
−
A
2 − 2X−A + 2)
+3a⊥,
3P1
1
mV
m3P1
r
3P1
χ (X
−2
A − 4X−A +
2π2
3
)
]
, (D20)
Ai, 03 (V
1P1) ≈ −18παs
[
r
1P1
χ
(
X0A
2 − 2X0A + 4−
π2
3
)
+3a
‖, 1P1
1 r
V
χ (X
0
A
2 − 4X0A − 4 + π2)
]
, (D21)
Ai,−3 (V
1P1) ≈ 18παs
×
[
mV
m1P1
r
1P1
χ (X
−
A
2 − 2X−A + 2) + a‖,
1P1
1
m1P1
mV
rVχ (X
−
A
2 − 2X−A − 2)
]
, (D22)
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Ai, 03 (
3P1 V ) ≈ 18παs
[
a⊥,
3P1
1 r
3P1
χ
(
X0A
2 − 2X0A − 6 +
π2
3
)
−rVχ
(
X0A
2 − 2X0A + 4−
π2
3
)]
, (D23)
Ai, 03 (
1P1 V ) ≈ 18παs
[
− r1P1χ
(
X0A
2 − 2X0A + 4−
π2
3
)
+3a
‖, 1P1
1 r
V
χ (X
0
A
2 − 4X0A − 4 + π2)
]
, (D24)
Ai,−3 (
3P1 V ) = A
i,−
3 (V
3P1), A
i,−
3 (
1P1 V ) = −Ai,−3 (V 1P1), (D25)
Ai, 03 ([
3P1]1 [
3P1]2) ≈ 18παs
(
X0A
2 − 2X0A − 6 +
π2
3
)
×
[
a
⊥, [3P1]1
1 r
[3P1]1
χ − a⊥, [
3P1]2
1 r
[3P1]2
χ
]
, (D26)
Ai,−3 ([
3P1]1 [
3P1]2) ≈ −54παs
(
X−A
2 − 4X−A +
2π2
3
)
×
[
− a⊥,[3P1]11
m[3P1]2
m[3P1]1
r[
3P1]1
χ + a
⊥,[3P1]2
1
m[3P1]1
m[3P1]2
r[
3P1]2
χ
]
, (D27)
Ai, 03 ([
1P1]1 [
1P1]2) ≈ −54παs(X0A2 − 4X0A − 4 + π2)
×
[
a
‖, [1P1]2
1 r
[1P1]1
χ + a
‖, [1P1]1
1 r
[1P1]2
χ
]
, (D28)
Ai,−3 ([
1P1]1 [
1P1]2) ≈ −18παs(X−A
2 − 2X−A − 2)
×
[
a
‖,[1P1]2
1
m[1P1]2
m[1P1]1
r[
1P1]1
χ − a‖,[
1P1]1
1
m[1P1]1
m[1P1]2
r[
1P1]2
χ
]
, (D29)
Ai, 03 (
3P1
1P1) ≈ 18παs
[
r
1P1
χ
(
X0A
2 − 2X0A + 4−
π2
3
)
+3a
‖, 1P1
1 a
⊥, 3P1
1 r
3P1
χ
(
X0A
2 − 4X0A + 40−
11π2
3
)]
, (D30)
Ai,−3 (
3P1
1P1) ≈ −18παs
[
m3P1
m1P1
r
1P1
χ (X
−
A
2 − 2X−A + 2)
−3a‖, 1P11 a⊥,
3P1
1
m1P1
m3P1
r
3P1
χ
(
X−A
2 − 4X−A + 24 − 2π2
)]
, (D31)
Ai, 03 (
1P1
3P1) ≈ −18παs
[
r
1P1
χ
(
X0A
2 − 2X0A + 4−
π2
3
)
+3a
‖, 1P1
1 a
⊥, 3P1
1 r
3P1
χ
(
X0A
2 − 4X0A + 40−
11π2
3
)]
, (D32)
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Ai,−3 (
1P1
3P1) = A
i,−
3 (
3P1
1P1), (D33)
Ai, 01,2(V1 V2) ≈ 18παs
[(
X0A − 4 +
π2
3
)
+ rV1χ r
V2
χ (X
0
A − 2)2
]
(D34)
Ai, 01 (V
3P1) ≈ −Ai, 02 (V 3P1) ≈ 18παs
[(
X0A − 4 +
π2
3
)
−a⊥, 3P11 rVχ r
3P1
χ (X
0
A
2 − 5X0A + 6)
]
, (D35)
Ai, 01 (V
1P1) ≈ 18παs
[
a
‖, 1P1
1 (3X
0
A + 4− π2)− rVχ r
1P1
χ (X
0
A − 2)2
]
, (D36)
Ai, 02 (V
1P1) ≈ 18παs
[
− a‖, 1P11 (X0A + 29− 3π2) + rVχ r
1P1
χ (X
0
A − 2)2
]
, (D37)
Ai, 01 (
1P1 V ) ≈ −18παs
[
a
‖, 1P1
1 (X
0
A + 29 − 3π2) + rVχ r
1P1
χ (X
0
A − 2)2
]
, (D38)
Ai, 02 (
1P1 V ) ≈ 18παs
[
a
‖, 1P1
1 (3X
0
A + 4− π2) + rVχ r
1P1
χ (X
0
A − 2)2
]
, (D39)
Ai, 01 (
3P1 V ) ≈ −Ai, 02 (3P1 V ) ≈ 18παs
[(
X0A − 4 +
π2
3
)
+a⊥,
3P1
1 r
V
χ r
3P1
χ (X
0
A
2 − 5X0A + 6)
]
, (D40)
Ai, 01,2(
1P1 V ) = A
i, 0
2,1(V
1P1), (D41)
Ai, 01,2([
3P1]1 [
3P1]2) ≈ 18παs
[(
X0A − 4 +
π2
3
)
− a⊥, [3P1]11 a⊥, [
3P1]2
1 r
[3P1]1
χ r
[3P1]2
χ (XA − 3)2
]
, (D42)
Ai, 01,2([
1P1]1 [
1P1]2) ≈ 18παs
[
− 3 a‖, [1P1]11 a‖, [
1P1]2
1 (X
0
A − 71 + 7π2)
+ r[
1P1]1
χ r
[1P1]2
χ (X
0
A − 2)2
]
, (D43)
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Ai, 01 (
3P1
1P1) ≈ 18παs
[
a
‖, 1P1
1
(
3X0A + 4− π2
)
−a⊥, 3P11 r
3P1
χ r
1P1
χ (X
0
A
2 − 5X0A + 6
)]
, (D44)
Ai, 02 (
3P1
1P1) ≈ 18παs
[
a
‖, 1P1
1
(
X0A + 29− 3π2
)
−a⊥, 3P11 r
3P1
χ r
1P1
χ (X
0
A
2 − 5X0A + 6
)]
, (D45)
Ai, 01,2(
1P1
3P1) = −Ai, 02,1(3P1 1P1), (D46)
where the logarithmic divergences occurred in weak annihilation are described by the variable XA∫ 1
0
du
u
→ XA,
∫ 1
0
lnu
u
→ −1
2
XA. (D47)
Following [5], these variables are parameterized as
XA = ln
(
mB
Λh
)
(1 + ρAe
iφA), (D48)
with the unknown real parameters ρA and φA. For simplicity, we shall assume in practical calcu-
lations that XhA are helicity independent, X
−
A = X
+
A = X
0
A.
Note that while our result for Af−3 (V V ) is in agreement with Kagan [11] and Beneke et al. [13]
(up to a sign), the relative sign between rV1χ and r
V2
χ in A
f,0
3 (V V ) (A
i,0
3 (V V )) is positive (negative)
in our case [see Eqs. (D2) and (D17)] and in [11], but negative (positive) in [13].
APPENDIX E: EXPLICIT EXPRESSIONS FOR HARD SPECTATOR TERMS
Using the asymptotic distribution amplitudes, the explicit expressions of the integrals
∫ 1
0 dudv
appearing in the transverse hard spectator interaction amplitudes H−i (M1M2) and H
+
i (M1M2) [see
Eqs. (3.9)-(3.13)] are summarized in Table XII.
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TABLE XII: The explicit expressions for the integrals
∫ 1
0 dudv · · · appearing in the transverse hard
spectator interaction amplitudes H−i (M1M2) andH
+
i (M1M2) described by Eqs. (3.9)-(3.13), where
α ≡ a⊥, 3P11 , β ≡ a‖,
1P1
1 and the upper (lower) sign is for H
+
1 (H
+
5 ).
M1M2 H
−
1,5 H
−
6 H
+
1,5
V1 V2 9(X
−
H − 1) 9 0
V 3P1 9(X
−
H − 1) 0 0
3P1 V 27α(X
−
H − 2) 9 0
V 1P1 −3β(X−H − 1) 9 −3β
1P1 V 9(X
−
H − 1) 3β ∓3β
3P1
1P1 −9αβ(X−H − 2) 9 −3β
1P1
3P1 9(X
−
H − 1) 0 ∓3β
3P1
3P1 27α(X
−
H − 2) 0 0
1P1
1P1 −3β(X−H − 1) 3β −6β2
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